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ABSTRACT

Mechanically Stabilized Earth (MSE) walls retain soil on steep, unstable slopes with crest loads.
Over the last decade, they are becoming quite popular due to their low cost-to-benefit ratio, design
flexibility, and ease of construction. Like any civil infrastructure, MSE walls need to be
continuously monitored according to transportation asset management criteria during and after the
construction stage to ensure that their expected serviceability measures are met and to detect design
and/or construction issues, which could lead to structural failure. Current approaches for
monitoring MSE walls are mostly qualitative (e.g., visual inspection or examination). Besides
being time consuming, visual inspection might have inconsistencies due to human subjectivity.
Other monitoring approaches are based on using total station, geotechnical field instrumentations,
and/or Static Terrestrial Laser Scanning (TLS). These instruments are capable of providing highly
accurate, reliable performance measures. However, the underlying data acquisition and processing
strategies are time-consuming and are not scalable. This research focuses on a comprehensive
strategy using a Mobile LIDAR Mapping System (MLS) for the acquisition and processing of
point clouds covering the MSE wall. The strategy produces standard serviceability measures, as
defined by the American Association of State Highway and Transportation Officials (AASHTO)
—e.9., longitudinal and transversal angular distortions. It also delivers a set of recently developed
measures (e.g., out-of-plane offsets and 3D position/orientation deviations for individual panels
constituting the MSE wall). Moreover, it is also capable of handling MSE walls with smooth or
textured panels with the latter being the focus of this research due to its more challenging nature.
For this study, an ultra-high-accuracy wheel-based MLS has been developed to efficiently acquire
reliable data conducive to the development of the standard and new serviceability measures. To

illustrate the feasibility of the proposed acquisition/processing strategy, two case studies in this
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research have been conducted with the first one focusing on the comparative performance of static
and mobile LiDAR in terms of the agreement of the derived serviceability measures. The second
case study aims at illustrating the feasibility of the proposed strategy in handling large textured
MSE walls. Results from both case studies confirm the potential of using MLS for efficient,

economic, and reliable monitoring of MSE walls.
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1. INTRODUCTION

1.1 Background

The technology of mechanically stabilized earth (MSE) walls construction, first proposed
by Henri Vidal in the 1960s, has been extensively used in the U.S. since the 1970s (Koerner and
Koerner, 2011). MSE walls are earth retaining structures that are constructed by placing alternating
layers of reinforcement and compacted soil behind a facing element to form a composite material
which acts integrally to restrain lateral forces. MSE walls retain soil on steep, unstable slopes with
crest loads. MSE wall systems have a large number of applications; and many public and private
entities participate in their development and implementation, including highway agencies and
transportation engineers and industrial and residential private developers. Approximately 40,000
MSE walls have been built in the U.S., and 75% of them are constructed as modular block-faced
panels (Koerner and Koerner, 2011). MSE walls are so commonly used in the U.S. not only
because of their low construction cost, aesthetics, and ease of installation, but also their ability to
tolerate large total and differential settlement without structural distress compared to cast-in-place
concrete walls (Schmid, 2011; Abu-Hejleh et al., 2001). For example, in the state of Indiana, there
are roughly 1,200 to 1,500 MSE walls, excluding those on local public agency (LPA) routes
(Rearick and Khan, 2017).

MSE wall panels are constructed using pre-cast concrete modular facing blocks (Lin et al.,
2019). The panels are manufactured in various shapes and sizes and several architectural finishes
with a facing that is either smooth or textured, and then are usually installed on the project site.
One of the main functions of an MSE wall facing panel is preventing backfill soil materials from
leaking out of joints; in other words, these panels prevent erosion while permitting excessive water

to exit through them.
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MSE walls are comprised of many parts, including a reinforced area behind the face that
essentially consists of many compacted backfill layers, geosynthetic or metallic reinforcements,
foundation soil or rock, and precast concrete panels (Lin et al., 2019; Passe, 2000). The system is
compatible with many types of reinforcements, including geotextiles, geogrids, geosynthetic, and

steel meshes. These components are shown in Figure 1.1.

Traffic
Barrier \
Pre-cast Soil Reinforcement
concrete panels
<— Backfill
Levelling
Paq Foundation

Finished

Grade \

Figure 1.1 Typical cross section profile of an MSE wall (modified after Passe, 2000)

The geotechnical design of an MSE wall structure is inspected mainly for its internal and
external stability to meet the intended standards and performance measures. Vertical
displacements (settlements) of an MSE wall basically depend on the wall’s external stability,
specifically, the consolidation of the soil beneath it, which depends on the soil type and water
content. Large settlements are expected during the early stage of an MSE wall's construction
because the soil experiences a new load, resulting in immediate consolidation. When compared to
cast-in-place retaining walls, MSE walls built with pre-cast concrete panels are able to

accommodate more settlement without impacting the structural condition of the MSE wall. In the
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short term, MSE walls are monitored upon installation to ensure that settlement of the foundation
has stopped so that the subsequent construction activities over it that are not tolerant to settlement
can take place, such as slabs, traffic barriers, and pavements. The internal stability inspection
process focuses on the reinforcement tensile strength leading to reinforcement spacing intervals,
the connection strength between the facing and reinforced soil mass, and the resistance of soil
pullout (Lin et al., 2019; Oskouie et al. 2016).

The internal stability of an MSE wall is affected by the type of backfill selected and the
excessive dynamic loads expected, such as moving traffic on pavements. Horizontal movements
(lateral displacements) of an MSE wall depend mainly on its internal stability and are caused by
the pullout of the soil reinforcement. These horizontal movements are generally observed as the
MSE wall is constructed. Limiting the lateral displacements to less than the tolerable value
prevents undesirable settlements and damage to surrounding structures and transportation
infrastructure, such as pavements (Koerner and Koerner, 2011). Displacements greater than pre-
specified thresholds potentially may result in critical damage that is detectable by visual inspection

as shown in Figure 1.2 and Figure 1.3 (Lin et al., 2019 and Oskouie et al. 2016).

Figure 1.2 Failing of pavement because of design issue (Schmidt, 2011)
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Figure 1.3 Failing of MSE Wall because of the panel collapse

MSE walls, like other infrastructure systems, are periodically monitored according to the
agency’s asset management criteria during and after the construction stage to ensure that their
expected performance measures are met. Infrastructure monitoring is the process of discovering
damages or changes in the geometric characteristics of civil infrastructure systems. The damages
in question are caused by the expansion of material defects under certain loading conditions or the
erosion of the material around the soil reinforcement. Damage may occur from a single sudden
event (e.g., an earthquake) or can accumulate over a long period of time. The presence of such
damage signifies that changes have occurred in the material and/or the geometrical properties of
the infrastructure system. If the damage is left untreated, it can grow to the point of failure (i.e.,
the system no longer operates within acceptable standards) (Farrar and Worden, 2007). Examples
of damage include material cracking, corrosion of steel reinforcements around the soil, and
excessive movement or excessive bending of the steel. Depending on the civil infrastructure
system, infrastructure monitoring is conducted to reach submillimeter precision measurements and

is typically performed by static terrestrial laser scanners (TLS) (Chang et al., 2003).
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Civil infrastructure systems have many structural members so the failure of one member will not
cause an immediate failure in the whole system. However, not being able to specify which member
is causing the failure makes the identification and localization of the failure challenging.
Accurately monitoring MSE walls is critical for detecting design and/or construction problems that
may lead to damages, such as cracks in a wall facade or highway pavement or a structural failure
in the facing panels.

A variety of techniques that utilize a range of instruments have been used to study and
monitor the performance measures of MSE walls. Some of the current MSE wall monitoring
techniques are based on highly qualitative approaches (e.g., visual inspection or examination) and
very traditional approaches, such as the measuring tapes and plumb lines. Such techniques often
have inconsistencies due to human subjectivity that vary over time (Oats et al., 2017). Visual
inspection and other traditional approaches are the primary form of infrastructure systems
evaluation used to support decisions relating to their safety, maintenance, and repair (Chang et al.,
2003). This assessment includes many steps, such as observation, data collection, analysis,
decision-making, and documentation. However, human assessment has certain limitations. First,
human inspection is expensive and time-consuming. Civil infrastructure systems also are relatively
large and are often in a difficult environment, which introduces challenges in reaching and
accessing the critical regions and thus requires a trained inspector in such situations. Second,
human inspection can be inconsistent because human abilities and perceptions vary, and the visual
data are still manually analyzed and documented by humans. Therefore, depending on an
engineer’s subjective, qualitative, or empirical knowledge, false evaluations may be followed by
inaccurate reports and documents. Third, human inspection is, in some cases, time critical. In other

words, there might be an immediate need for decision-making based on visual evaluation in some
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cases; for example, an immediate response during a disaster to identify repair needs or closure of
civil infrastructure systems or discovering a need for unscheduled data collection during a
scheduled observation visit.

Other methods of infrastructure monitoring include using ruler scale, total station, global
position system (GPS) or TLS systems. These methods are capable of providing high accuracy and
reliable performance measures when performed by expensive surveying experts. However, the
data acquisition and processing strategy involved in these methods (1) are time-consuming and
include tedious work, (2) may be subject to physical or traffic limitation, and (3) have not been
fully tested when dealing with special textured MSE walls. Even though total station surveying is
commonly used, the low redundancy of surveyed points and setup errors of the total station can
result in errors in the serviceability measures of MSE walls. Another disadvantage is that the
specific points for possible deformation monitoring must be marked and only this specific region
on the infrastructure is monitored before the field work, which results in a spare network of discrete
points. Also, these data may not be sufficient in some cases to extract reliable information from
the infrastructure being monitored. These points should be accessible for measurement by
operators during the field work campaigns, which imposes a risk of damage in the case of failure
of the civil infrastructure systems (McGuire et al., 2016).

Due to the large number of existing MSE walls, the limited monetary resources, and the time-
critical needs that exist, the frequency of scheduled inspections is not always sufficient to detect
problems in a timely manner. In order to verify the structural integrity of infrastructure systems,
an ultra-high-accuracy wheel-based Mobile LIDAR mapping System (MLS) has been developed

to efficiently acquire data in a short time for monitoring MSE walls. In addition, MLS is capable
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to operate in the special conditions typical for construction works (e.g., presence of vehicles,
obstacles, etc.).

MLS can be used to derive standards and recently-available serviceability measures as
proposed by Lin et al. (2019). These measures include out-of-plane-offsets, three-dimensional
position, and angular deviations for the panels that constitute the MSE walls. The MLS is a
complete multi-tasking monitoring system and is usually comprised of the following: (i) a platform
and power supply; (ii) a control module; (iii) an imaging module; (iv) a positioning and orientation
module; and (v) a data processing module. The kinematic platform can be a land vehicle, a
backpack carried by a human operator, an air vehicle, or a marine vehicle, either manned or
unmanned, that provides a sufficient power supply for the mission operation. The control module
is responsible for data acquisition based on a time or distance interval. The imaging module may
include video cameras, digital cameras, and/or laser scanners. The positioning and orientation
module is the most expensive component and the most crucial for the determination of the
geographic location of ground objects and encompasses a global navigation satellite system
(GNSS) receiver, an inertial measurement unit (IMU), and/or a distance measurement instrument

(DMI) (Shamseldin, 2018).

1.2 Research Objectives

This dissertation presents a systematic and scalable approach that can handle smooth or
textured precast concrete panels for monitoring the measurement of deformations of MSE walls.
It further provides a mathematical characterization of the relative three-dimensional position and
orientation of all MSE wall facing panels as well as an overall statistical information report
pertaining to meeting standards and new available performance measures. This systematic

approach enables effective monitoring and assessment of the long-term performance of MSE walls.
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The aim of this approach is to maximize useful information about the MSE wall components (each
panel) being examined while minimizing the subjective human intervention required by traditional
approaches. Providing civil engineers with feedback on the monitored MSE walls is expected to
assist in the decision-making process regarding timely precautionary steps during the design and/or
construction stages.

The objectives in this dissertation are as follow:

1. Development of a monitoring strategy that could be used for the delivery of both standard
and recently-available serviceability measures,

2. The monitoring strategy is based on reliable, scalable data acquisition procedure — more
specifically, point clouds captured by a Mobile LIDAR mapping System (MLS) will be
used for serviceability measures derivation, and

3. The strategy could handle MSE walls with smooth or textured precast concrete panels

along either planar or piece-wise planar facades.

1.3 Scope of work

The field of infrastructure monitoring is extensive, and the types and goals of the assessments
conducted vary greatly. This dissertation provides a review of the components of MLS (e.g., type,
number, and location of laser scanners), focuses on the data acquisition process and the data
processing aspects of MSE walls. The specific focus of this dissertation is the data processing and
extraction of information for meeting standard and recently-available measures.
This dissertation does not address the communication (e.g., transmission of signals), data
management (e.g., storage), and diagnostics (e.g., forecasting remaining life of MSE wall) aspects
of monitoring civil infrastructure. Furthermore, this research assesses the structural deformation

of MSE walls (i.e., panels’ offsets and angular deviations). Providing further specific structural
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defects (e.g., cracks and erosions) for maintenance/rehabilitation purposes is out of the scope of

this research.

1.4 Structure of the dissertation
The content of the remaining chapters of this dissertation is as follows:
e Chapter 2 — Literature review of MSE walls monitoring techniques using laser scanning,
MLS and other instruments (e.g., camera sensors). Chapter 2 will cover the existing
MSE wall monitoring strategies with an emphasis on those utilizing LiDAR point
clouds.
e Chapter 3 — Mobile LiDAR for monitoring MSE wall with smooth precast concrete
panels. This chapter is a paper that was submitted to the Remote Sensing Journal.
e Chapter 4 — Mobile LiDAR for monitoring MSE wall with textured precast concrete
panels. This is a paper that was submitted to the Journal of Surveying Engineering.
Chapter 3 and Chapter 4 present the developed MLS data acquisition system and the case
studies used in this research. In chapter 3, a case study is presented to illustrate that MLS can
provide similar performance measures to those derived from TLS for smooth MSE walls. In
chapter 4, two case studies are presented with the first one focusing on illustrating the capability
or MLS in deriving similar performance measures to those derived from TLS for textured MSE
walls. The second case study, on the other hand, aims to illustrate that the data acquisition modality
and processing strategy are capable of monitoring large MSE walls along a transportation corridor.
e Chapter 5 — Conclusions and recommendations for future work. This chapter concludes

with the main findings of this dissertation and the recommendations for future work.
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2. LITERATURE REVIEW

2.1 Introduction

As mentioned in Chapter 1, the main objective of this dissertation is threefold. First, it
establishes a systematic and scalable apparatus for monitoring an MSE walls-based approach for
the measurement of deformations/displacements of MSE walls. Next, it establishes an approach
for the mathematical characterization of the relative three-dimensional (3D) position and
orientation of all MSE wall facing panels. Finally, it provides overall statistical information
reporting of the performance measures for standards as well as recently-available performance
measures. The first step is a systematic and scalable approach for monitoring an MSE walls-based
approach for the measurement of deformations/displacements of MSE walls. Previous research
techniques focusing on the performance measures will be addressed in Section 2.2.
The relevant past research work pertaining to this dissertation is reviewed in section 2.3. Building
upon the past efforts, this dissertation proposes a mathematical characterization of the relative 3D
position and orientation of all MSE wall facing panels. The chapter concludes with a summary and

a discussion of the drawbacks found in the literature.

2.2 Standard Serviceability Measures

Long-term MSE wall performance relies on a well-designed and constructed system that
meets the specifications provided by the U.S. Department of Transportation (USDOT). MSE walls
require routine inspections to ensure they meet the pertinent structural and safety standards.
Internal and external inspections are conducted to ensure that reinforcement rupture and pullout
from the facing panels are prevented. A commonly accepted set of serviceability measures include

the longitudinal angular distortion («;) and the transversal angular distortion (a), which were
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proposed by the American Association of State Highway and Transportation Officials (AASHTO)
in 2014. The longitudinal angular distortion («; ) is defined as the ratio of the differential settlement
between two points along the length of the MSE wall to the horizontal distance between them as
illustrated in Figure 2.1(a). The transversal angular distortion (a;) is defined as the lateral

deflection of the MSE wall divided by its height, as illustrated in Figure 2.1(b).

Table 2.1 provides the tolerable values for the «; of MSE walls constructed using
incremental pre-cast concrete panels with different joint widths.
During the construction of an MSE wall with incremental pre-cast concrete panels, the tolerable
value for ar when measured with a 10-ft. long straight edge should be less than 1/160. In contrast,
at the end of wall construction, (a;) should be less than 1/240 when measured using a plumb line
dropped from the top to the bottom of the constructed wall. To supplement the angular distortions
standards, in 2009 the Federal Highway Administration (FHWA) provided guidelines for a
tolerable out-of-plane offset of pre-cast concrete panels. According to the guidelines, the out-of-
plane offset at any joint should be less than 9.53 mm (3/8 in.) during wall construction. These
performance measures are computed during the construction stage and throughout the service life
of the MSE wall. Deformations greater than the allowable standard values potentially can result in
major damages, such as cracks on MSE wall facings or highway pavements, which are detectable
by visual inspection. One should note that the standard serviceability measures are global measures
for a given face of MSE wall. These standard measures would not be capable of identifying the
part of the MSE wall where the failure occurred. The standard serviceability measures, with the
exception of the out-of-plane offset, are global measures focusing on the vertical settlement and
lateral deflection of an MSE wall. However, most MSE wall failures are closely related to local

deformations, such as relative angular tilt and displacement among neighboring panels. This type
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of standard measure can lead to incorrect decisions and unnecessary costs for unneeded repairs.
However, in most cases, when a failure happens in an MSE wall, it is a local failure. For example,
a seepage of soil between panels is considered a local failure in an MSE wall (see Figure 2.2). In
contrast, this seepage would be considered a global failure if standard measures were used to check
the integrity of the MSE wall. The new available serviceability measures proposed in this
dissertation can help pinpoint the exact location of that failure; more specifically, the exact panel
can be specified and repaired rather than the whole MSE wall and thereby minimize the time, labor,

and materials expended.

I:I_"""_""“:\ """" L Taw;, ™
Longitudinal line
a, = AW, /L
(a)
Column of Panels f\_”_/t
e
ar = AWT/H
H
Transversal Line
N
| | | | | D
T1 T2 Tn Side view
Front view Transversal line
(b)

Figure 2.1 Definition of (a) longitudinal and (b) transversal angular distortions
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Figure 2.2 An MSE wall failure due to excessive angular deformation (bulging between
neighboring panels)

Table 2.1.Tolerable longitudinal angular distortion (a;), values of MSE walls constructed with
incremental precast concrete panels (modified from AASHTO 2014).

Joint width w; (in) | Panel area <2.8 m2 (30 ft2) | 2.8 m2 (30 ft2) < Panel area < 7 m2 (75ft2)
19 mm (0.75 inch) aLwo = 1/100 = 0.01 aL o = 1/200 = 0.005
13 mm (0.50 inch) aL o = 1/200 = 0.005 aL o = 1/300 = 0.003
6 mm (0.25 inch) aL o = 1/300 = 0.003 avL o = 1/600 = 0.002

2.3 Existing MSE Walls Monitoring Approaches

2.3.1 Traditional Approaches

Infrastructure monitoring is a process designed to determine the damages or changes in the
geometric characteristics of civil infrastructure systems at regularly scheduled intervals.
Monitoring structural elements includes checks such as measuring deflections and detecting and

characterizing cracks. The measurement of deflections is necessary to verify that deformations are
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occurring within the expected limits, which is important in terms of assessing the physical
condition of civil infrastructure systems (Olsen et al., 2009). Deformation monitoring of civil
infrastructure systems is particularly important to ensuring both the public safety and the
serviceability of the structure (Detchev et al., 2013). Damage in MSE walls is caused by the
expansion of material defects under certain loading conditions or the erosion of material around
the soil reinforcement. Damage may occur from a single, sudden event (e.g., an earthquake) or can
accumulate over a long period of time. The presence of damage signals that changes are taking
place in the material and/or the geometrical properties of the infrastructure system. If the damage
is left untreated, it can grow to the point of failure (i.e., the system no longer operates within
acceptable standards) (Farrar and Worden, 2006). Examples of damage are material cracking,
corrosion of steel reinforcement around the soil, and excessive displacements or bulging (Figure

2.3) (Chang et al., 2003).

Figure 2.3 Relative concrete facing panel movement (bulging)
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Infrastructure monitoring includes checks such as displacements/movements in any
direction as well as angular rotation. Accurately monitoring civil infrastructure is critical for
detecting design and/or construction problems which may lead to damages such as cracks on a
wall facade and highway pavements or failures in facing panels. Several research initiatives are
currently using static terrestrial laser scanning (TLS) for deformation estimation, which will be

reviewed along with some geotechnical techniques in the next two subsections.

2.3.1.1 Visual Inspection

A variety of technigues employing a range of instruments have traditionally been used to
study and monitor the performance of MSE walls. Some of the current MSE wall monitoring
techniques are based on highly qualitative approaches, such as visual inspection or examination,
and very traditional approaches, such as measuring tapes and plumb lines. These techniques may
produce inconsistencies due to human subjectivity, which can introduce variance over time (Oats
et al., 2017). Visual inspection and other traditional approaches are the primary form of
infrastructure systems evaluation used to support decisions relating to their safety, maintenance,
and repair (Chang et al., 2003). Visual inspection can provide broad information about the status
of a structure’s engineering components. For example, the inspection should be at such a level of
detail as to discover all indications of deterioration/damage, such as the surface or color of the
concrete, cracks, leaching, rust streaks, or deformation (see Figure 2.4). However, the effectiveness
of visual inspection depends on the knowledge and experience of the investigator. Broad
knowledge in structural engineering, concrete materials, and construction methods is needed to
extract the most information from visual inspection. This assessment should include many steps,

such as observation, data collection, analysis, decision-making, and documentation.
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Figure 2.4 Cracking at the corner of a pre-cast concrete panel in an MSE wall

2.3.1.2 Geotechnical Instruments

In addition to visual inspection, different geotechnical engineering research instruments
have been used extensively to inspect the deformation measures of civil/structural engineering,
which include inclinometers, wire-strain gauges, optical-fiber sensors, inductive laser transducers,
and linear voltage displacement transducers (LVDTSs) as explained in Gonzalez-Aguilera et al.
(2008), Maas and Hampel (2006), and Mills et al. (2001).

The inclinometer commonly used today in different areas of civil engineering was
developed from a device built in 1952 by S. D. Wilson at Harvard University. It first became
available commercially in the late 1950s by the Slope Indicator Company (Green and Mikkelsen,
1988). Inclinometers, also called tilt sensors, are the main instruments currently used in the
industry for monitoring MSE walls. An inclinometer is used in geotechnical engineering to
measure the slope or angle of objects based on gravity (Dunnicliff, 1993). The inclinometer system
is comprised of several components: wheeled probe, reel, cable, readout unit, and accessories

(cable gates, battery chargers, and spare batteries) (see Figure 2.5).
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Figure 2.5 Components of inclinometer system (GeoSense, 2014)

The cable is connected to a readout unit and data can be recorded manually or automatically.
The inclination of the casing with respect to gravity is measured at incremental depths, and the
entire casing profile is obtained by numerical integration. Sets of readings taken periodically
enable knowing both the magnitude and the rate of the lateral casing movement to be calculated.
The casing is normally set in vertical drill holes or attached to a structure in a vertical position to
measure horizontal movements. It also can be set horizontally to measure heave or settlement but
will not measure movements in a horizontal plane. Movements of casings inclined up to 45 degrees
also may be monitored but with considerably less accuracy. Inclinometers can be used for
measuring deformations in landslides, natural slope creep, temporary excavations, earth and rock
embankments, slurry walls, shafts, tunnels, lateral pile movements, and settlements beneath tanks,
fills, and foundations (Green and Mikkelsen, 1988).

An inclinometer is installed (see Figure 2.6) in a single section of an MSE wall facing to
measure deformations. The inclinometer system mainly consists of the inclinometer casings, an
inclinometer probe with a control cable, and an inclinometer data recorder. The proper location of
the inclinometer for measuring the deformations of an MSE wall is to the rear of the pre-cast panel

of the MSE wall facing. A borehole is needed for an inclinometer installation at the wall section,
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prior to construction, to measure deformation. An inclinometer probe control cable and a wireless
data recorder are needed to collect the data for the MSE wall facing deformations in each MSE
wall section. The inclinometer casing is spliced for extension according to the wall height during
construction (Jiang, et al., 2015).

Different kinds of inclinometers offer accurate measurement up to +/- 0.1 degree of slope
or angle for various applications. These sensors are available in configurations and packages to

meet various customer demands for measurement range and harsh environmental.

(b)

Figure 2.6 Inclinometer installation
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Another instrument frequently used is the optical-fiber sensor. Optical-fiber sensor
technology is based on different measurement principles and has produced several types of
instruments capable of measuring displacement, strain, acceleration, vibration, temperature,
humidity, and pressure (Udd, 1996).

Electrical strain gages are applied to both geogrids and geotextiles, usually by adhesive
bonding or mechanical attachment (Figure 2.7). Data of this type are generated in both the
laboratory and the field. Using fiber optic measurements, they are applied to a geosynthetic by
weaving or knitting. Within the fiber, markers are set at distances of decimeters to meters whereby
the elongation and sometimes the temperature between any two markers is measured. Specifically
aimed at geosynthetics, two systems are available. Fiber optic sensors are initially applied to the
geosynthetic itself or to an external carrier textile (Figure 2.7) (Schneider-Gloetzl et al., 2010 and
(Lostumbo and Artieres, 2011). These systems can measure strain and monitor movement or
distortion of the structure. The strips are optimally placed before construction directly on the
foundation soil and then incrementally higher in the structure as it is being built. The accuracy of

strain measurement is within 0.2% for the GeoDetect® system.
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Figure 2.7 Monitoring fiber-optic in a geotextile reinforced wall
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In the field of structural monitoring, inclinometers, wire-strain gauges, and optical-fiber
sensors likely will replace traditional sensors due to some inherent advantages. They are
lightweight, small, passive, low-power, and resistant to electromagnetic interference (Ansari, 2005
and Inaudi and Glisic, 2008). On the other hand, their major drawbacks are high cost and
unfamiliarity to the end-users. Fiber optical sensors can measure strain and monitor movement or
distortion of the structure and are initially applied to the geosynthetic itself or to an external carrier
textile (see Figure 2.7) (Schneider-Gloetzl et al., 2010 and Lostumbo and Artieres, 2011). The
strips are optimally placed, prior to construction, directly on the foundation soil and then
incrementally higher in the structure as it is being built. These two instruments (the inclinometer
and optical-fiber sensor) are mainly used in the geotechnical field to monitor deformation in MSE
walls.

Pei et al. (2012) proposed a monitoring approach in which in-place inclinometers are used
for monitoring lateral displacements of a retaining wall. During data collection, the inclinometer
is cast inside a tube around the region of interest. To measure the relative displacement between
two points, sensors are glued/taped to the in-place inclinometer. Each sensor provides a strain
value. Then, these two strain values are multiplied by two calibration coefficients (C1, C2), which
are obtained from a linear relationship between a measured strain. Finally, the two values of the
sensor strains are multiplied by Ci, Cz to obtain the vertical displacement and a rotational angle,
respectively. Monitoring the deformation is conducted by comparing the acquired data at different
times. Brown et al. (2011) produced a retaining wall displacement measurement technique that
utilizes different sensors such as optical strain gauges, inclinometers, and moisture sensors. In their
study, three locations of a test wall were instrumented. In each of these locations, there were 30

fiber optic strain gauges and one inclinometer casing. During construction, the optical cables were
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protected within a slotted PVVC pipe. During data collection, observations were taken at least once
per day for several weeks; later, the measures for monitoring were identified and separated from
the strains. Eventually, these measures over a long time period could be evaluated.

Mohamad et al. (2011) used an optical fiber strain-sensing and inclinometer technique to
monitor the performance of a Secant-Pile Wall. Sensors were attached along the two opposing
sides of the reinforcement soil area by first fixing the cable with two clips, and a steel pipe installed
at the top of pile was used to protect the fibers. By measuring the strain along two fibers placed
symmetrically with respect to the axis, it was possible to monitor the full behavior of a wall. The
measured strains (€, and ep) at two locations were used to derive the amount of vertical and lateral
displacement. They conducted comparisons between these instruments and reported their
assessment of the wall over a period of time. Kuang et al. (2002) used an intensity-based plastic
optical fiber sensor for curvature and strain measurements in samples subjected to flexural and
tensile loading conditions, respectively. Their test results showed that it was possible to use the
sensor for monitoring the strains on both the tensile and compressive regions of a beam. Yang et
al. (2009) monitored a cast-in-situ concrete-rigid facing geogrid-reinforced soil retaining wall
during construction. The monitoring included the vertical foundation pressure and lateral earth
pressure of the reinforced soil wall facing, the tensile strain in the reinforcement, and the horizontal
deformation of the facing. Batten et al. (1999) utilized a wire strain gauge approach to monitor a
constructed deep retaining wall with a type of cast-in-situ concrete-rigid. In the construction stage,
wire strain gauges were installed facing a geogrid-reinforced soil retaining wall. Unlike previous
studies, the loads from the wire strain gauges were derived, and then the deformations in the

vertical and horizontal direction were indirectly obtained.
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2.3.1.3 Surveying Devices

In recent years, research has been conducted to develop new types of deformation structural
monitoring instruments that can effectively monitor displacement in the horizontal and vertical
directions of structures based on optical surveying sensors. These instruments include the level,
total station, TLS, digital camera sensors, and GNSS (Gordon et al., 2007; Scaioni et al., 2010;
Wang et al., 2010). TLS has been proposed as a tool to monitor the deformations of MSE walls
(Linetal., 2019; McGuire et al., 2016, 2017; Oskouie et al., 2014, 2016; Olsen et al., 2009; Laefer
and Lennon, 2008).
Overview of Light Detection and Ranging (LIiDAR)

LiDAR systems onboard static and mobile platforms have emerged as a prominent tool for
the direct derivation of accurate point clouds along object surfaces with high density points. A

schematic of laser ranging scanning is shown in Figure 2.8.
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Figure 2.8. Schematic of a laser scanner

The main components of the LIDAR system are the laser, the scanning mechanism and
projection optics, the receiver optics, and the platform navigation sensors. LIDAR is used for a

variety of applications such as topographic, cultural heritage documentation, industrial site
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modeling, biomedical applications, and infrastructure monitoring. LiDAR typically operates in the
visible or infrared region of the electromagnetic spectrum with respect to wavelengths (Mikhail et
al., 2001 and Lin et al., 2019). The main idea behind measuring the distance between the laser
beam firing point and its footprint is that the scanner emits a brief pulse of laser light which, after
reflection by the object being measured, is sensed by a photodetector. The range (p) is derived (in
Equation 2.1) from the two-way flight time of the pulse (At) (i.e., the time delay between the
emitted and received laser pulses) commonly applied in terrestrial LIDAR systems (Habib et al.,

2017), where C is the velocity of the light.

p=-— (2.1)

The estimated ranges are then combined with the pointing direction of the laser beam -
which is derived by built-in mirror steering encoders - to determine the coordinates of the laser
beam footprint relative to a local coordinate system associated with the scanner location. The
spacing between neighboring points along the scanned surface depends on the horizontal and
vertical angular increments for a and 3, as well as the distance between the TLS unit and the laser
beam footprints. The horizontal and vertical angular increments are set by the user before the
scanning process while considering the required resolution as well as the time constraints for the
data acquisition process. Finer angular increments can lead to higher resolution but would require
longer scan time. TLS technology has matured to the point where most surveying firms have access
to scanning units which can produce point clouds with a spatial accuracy in the millimeter to
centimeter range (California Department of Transportation, 2011). Derivation of the mathematical
relationship between the sensor measurements and the object coordinates of the point cloud

equation is shown in Equation 2.2.
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where,
r}P is the range vector.
b is laser beam point coordinate system (cs).
lu is laser unit coordinate system (cs).
f s the vertical angle.
a is the horizontal angle.

Regarding scanning systems, the laser beam is steered by a mirror that either rotates in a
single direction (i.e., linear laser scanners) or in two directions (e.g., elliptical laser scanners). The
steering mirror, when coupled either with the internal rotation of the scanning unit or the motion
of the carrying platform, would allow for the generation of a dense point cloud along the
surrounding objects. The former mechanism is used for static scanning while the latter is used for
mobile systems. Multi-beam laser scanners, such as Riegl-VUX-1HA, have several laser beams
that point in different directions. A rotational mechanism allows for 360° coverage across the axis
of rotation. The field of view along the rotational axis is controlled by the set-up of the laser beams.
Modern laser systems are capable of providing up to a million pulses per second. This capability
allows for the derivation of highly dense point clouds.

Mathematical Model: LiDAR Point Positioning

For the derivation of the mathematical relationship between the sensor measurements and
the object coordinates of the point cloud, it can be started by establishing the different coordinate
systems associated with a LIDAR unit. The vector and matrix notations used in this dissertation

are as follows:
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2 denotes the coordinates of point ‘a’ relative to point ‘b’ in the coordinate system associated
with point ‘b’.

R? denotes the rotation matrix that transforms a vector-defined relative to the coordinate system
‘a’ into a vector-defined relative to the coordinate system ‘b’.

For coordinate systems associated with a single LIDAR unit, the rotation matrix relating the
different components is denoted as the boresight matrix, while the spatial offset relating them is
denoted as the lever arm. One should note that, for a GNSS/INS-assisted mobile LiDAR unit, the
coordinates of a given point | relative to the mapping reference frame can be derived through a
vector summation process as in Equation 2.3 (Habib et al., 2010, 2018) and displayed in Figure
2.10. In this equation, r/™ is defined as the ground coordinates of the laser beam footprint relative
to the mapping frame while r*(t) & R} (t) are defined as the interpolated position and orientation
of the Inertial Measurement Unit (IMU) body frame relative to the mapping frame. Also, % and
RM are defined as the laser unit location and boresight matrix relative to the body frame while
RY(t) is defined as the rotation matrix relating the laser beam to the laser unit. In addition, r/?(t)
represents the position of point | with respect to the laser beam coordinate system, as a function of
the measured range (p), together with the evaluated horizontal and vertical angles (o and J,
respectively) by the steering mirror (See

Figure 2.9).

() = 1"(6) + RP(Ori, + RE(ORLRI O () (2.3)
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Figure 2.10 Vector Summation in LIDAR Equation
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Laefer and Lennon (2008) proposed an approach in which TLS is used to monitor retaining
walls. During data collection, fiducial markers (i.e., an artificial target strategically placed within
the retaining wall site) are placed. Each scan is required to have common reference targets. These
targets are not subjected to any kind of movement and must be exactly positioned in the same place
for each scanning mission. The scan locations are derived and used for target-based registration.
Once data (collected from different times) was registered to the same reference frame, they
evaluated the movement of the vertically stacked panels within the retaining wall. Two major
disadvantages of their processing are the time needed to set up the equipment in each location and
the time required to scan the reference targets from each scanner location. Their study
recommended that the reference targets be left in-situ for the duration of the monitoring course

(see Figure 2.11).

Figure 2.11. Spherical target left in the site project for the duration of monitoring a retaining wall
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Olsen et al. (2009) utilized laser scanners to monitor the deformation of MSE walls and
compared the acquired scans at different times. Their study did not report any significant
movements for the scanned MSE walls and recommended that such scans be completed on
a semiannual or annual basis. Oskouie et al. (2014) presented a data processing strategy
for MSE wall characterization during the construction phase. Because point clouds
collected during construction could include unwanted objects such as temporary steel,
wooden brackets, fence, or workers, they removed such objects using the RANSAC
algorithm (Fischler and Bolles, 1981). They used manual processing for isolating the
column walls (columns of pre-cast concrete) (see Figure 2.12) using the vertical joints. In
addition, in order to evaluate the accuracy of RANSAC in removing the outliers and noise
from the data, the point clouds for different numbers of columns in the wall were manually

cleaned and used as ground truth.

Figure 2.12. Columns of pre-cast concrete along the vertical direction

TopoDoT, a commercial software package that provides semi-automated processing
capabilities, can be used to monitor MSE wall settlement and deformation (Knaak, 2012). Before

using the package, it is necessary for the user to register multiple datasets to the same reference
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frame. Then, profiles are manually selected and used for automated joint identification. Then, the
distance between the joints from two profiles collected at different times is finally derived.
McGuire et al. (2016) used TLS to monitor the vertical and lateral settlement of MSE walls and
segmental retaining walls (SRW). Like Laefer and Lennon (2008) in their proposed technique for
monitoring MSE walls, McGuire et al. (2016) used multiple tie points (e.g., reference points for
registration purposes) with a unique design during their data collection. These tie points are placed
and remain untouchable within the MSE wall site during the monitoring program. Each scan is
required to have common reference targets, which are carefully installed in the field by excavating
a hole (approximately 20 cm in diameter) and concreting the pole while checking to ensure there
is proper vertical alignment. The scan locations are derived and used for target-based registration;
and the MSE wall profiles extracted from the scanned dataset are used to assess its vertical
alignments. The extracted profiles of the same wall at different dates are then used to obtain
relative vertical settlements and lateral deflections. To evaluate the accuracy of their proposed
method, the vertical and horizontal wall alignments were compared to each other or compared to
the construction drawings and specifications. McGuire et al. (2017) utilized both TLS and digital
cameras to monitor vertical settlement of segmental retaining walls (SRWSs). Similar to the
previous studies mentioned above, McGuire et al. (2017) used permanent reference markers (e.g.,
outlet headwalls, inlet boxes, and raised manhole rims) to register different scans in a common
reference frame. For the photogrammetric data, four 8-inch diameter aluminum disks with painted
crosshair targets were used as known reference points within the LIDAR data. The profile extracted
from the point clouds (which were generated from both TLS and cameras using a structure from
motion, or SfM), was used to obtain the vertical settlement of the wall. SRW movements can be

evaluated by comparing the alignment at different times. They relied on measuring the natural
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reference targets in each mission, which could be inconsistent as a result of human error; therefore,
their approach may lead to inaccurate registration, resulting in less-reliable estimation of vertical
settlements and lateral deformations. Also, their use of artificial reference points in processing
photogrammetric data can result in more complicated - and sometimes unreliable - matching
procedures. Oskouie et al. (2016) proposed a retaining wall displacement measurement technique
utilizing TLS to acquire point clouds to derive some performance measures for monitoring a
retaining walls. In their study, the horizontal joints between highway retaining wall panels,
extracted from laser scanning data using a feature extraction algorithm (e.g., a RANSAC-based
strategy), were used as benchmarks to measure the displacement of panels. The accuracy in their
method depends upon the accuracy of the registration technique. The registration technique is
based on multiple common reference points. These points should not be removed or occluded
during the operation; however, this may not be guaranteed (and may even be unavoidable) because
of construction conditions. In the second operation, again, the reference points must be placed on
the same position; however, this may not be possible due to human error. Finally, the gap distance
between the joints (from two profiles collected at different times) is reported. Furthermore, for the
validation of the proposed method, simulated scan datasets were generated for 540 scenarios
through a simulation environment. Their simulation results showed that wall displacements could
be measured with an average error of 0.9 mm. Lin et al. (2019) utilized TLS to derive the standard
longitudinal and transversal angular distortions. They also derived new measures which represent
the out-of-plane displacements and angular tilts of panels relative to the individual faces of an
MSE wall. For derivation of the standard and new performance measures, they further defined
coordinate systems for the individual faces and panels, which are denoted as the leveled face (LF,)

and panel (P.;) coordinate systems, respectively. More specifically, LF, is defined with its X-axis
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aligned along the MSE wall and parallel to the local horizontal plane of the MSE wall location.
The Y-axis is aligned along the local plumb-line. Finally, the Z-axis defines a right-handed
coordinate system. The P., on the other hand, is defined through the panel segmentation and
minimum bounding rectangle (MBR) procedures. More specifically, the individual panels are
derived through a region segmentation procedure where the normal distance between the points
along the face (from the best fitting plane through these points) is used as the segmentation
criterion. The lower and left sides of the MBR (enclosing the segmented panels and the panels’
surfaces) normally are used to define the Pcs. In Lin et al. (2019), their approach was limited to
smooth MSE walls and has not been tested for different kind of MSE walls such textured MSE
walls. Lienhart et al. (2018) presented a practical approach for large-scale monitoring of retaining
walls along Austrian highways using a Mobile Mapping System (MMS) as shown in Figure 2.13.
The measurement platform consisted of two laser scan profilers, inertial measurement unit (IMU),
differential Global Navigation Satellite System (GNSS) receiver, and multiple cameras. The
cameras are utilized to provide true colors for the point clouds. The aligned point clouds from
different sensors were used to generate vertical profiles every 5 cm along the retaining wall by
intersecting the wall surface model with planes orthogonal to the vehicle’s trajectory (See Figure
2.14). A fitted regression along the vertical profile is then used to derive the tilt angle. They found
that it is possible to determine the tilt angle with an accuracy better than 0.1°. However, their
approach is limited to evaluating the transversal out-of-plane angle of the retaining wall, which is

identical to the AASHTO-based transversal angular distortion (a;).
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Figure 2.13 Mobile mapping system configuration (Lienhart et al. (2018))

Figure 2.14 The car trajectory and the vertical proflles every 5 meter are indicated as yellow
lines (Lienhart et al. (2018))

Photogrammetric (Digital Camera Sensor) Method
In addition to non-contact sensors, recent advancements in lower-cost optical cameras,

image processing, and 3D modeling have enabled photogrammetry to three-dimensionally
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reconstruct objects from digital images for civil engineering applications (Jiang et al. 2015;
Cleveland, 2006; and Wartman, 2006). Photogrammetry provides the ability to obtain quantitative
measurements from 3D models created from quality easily documented two-dimensional (2D)
images and has been used for assessing the condition of transportation assets. Research has been
documented where photogrammetry or Structure from Motion (SfM) techniques were applied for
3D reconstruction for civil infrastructure systems (Scaioni et al., 2014 and Wei, et al., 2013).

Detchev et al. (2013) demonstrated a digital photogrammetric system for both static and dynamic
load test measurement, for which their experiments were conducted concurrently. The low
acquisition rate of their cameras limited the loading frequency that could be measured to 1 Hz,
whereas 3 Hz is normally required. Oats et al. (2019) utilized photogrammetry point cloud data to
measure the failure mode behavior of a retaining wall model, emphasizing further robust spatial
testing. They compared two commonly used photogrammetry software packages to assess the
computing performance of their method and the significance of the control points in their approach.
Their measure was the displacement changes along the surface of a retaining wall. Fourteen
reference control points were placed in the test setup to infer ground location for georeferencing
(see Figure 2.15). Ten of these control points were placed on the individual retaining wall panels
(five on each panel), and the remaining four were placed on neighboring stationary objects
positioned at different elevations and depths from the wall model. The stationary control points,
those placed on static surfaces, assisted in the co-registration of the point clouds in a common
coordinate system for the different scenarios. The displacements were calculated by comparing the

positions of the control points along the surfaces of the retaining wall over time.
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Figure 2.15. Configuration of the data collection and reconstruction point cloud (Oats et al.
(2019))

2.4 Shortcomings/Drawbacks of Reviewed Literature

As shown in the literature review, most of the existing approaches for deformation
measurement and monitoring rely on an extensive number of physical targets. Some approaches
use natural features. The difficulty in measuring displacement is finding a spatial measurement
technique that possesses desirable properties such as precision, reliability, low cost, and ease of
use. Some advantages can be seen in a number of methods, but it is difficult to find a method that
offers all of them. Also apparent from the reviewed literature is that TLS is frequently the preferred
sensor for infrastructure monitoring. In processing data, TLS relies on commercial software to
evaluate vertical settlement as well as lateral deformation of MSE walls. Such commercial
software usually increases the costs substantially (a few thousand dollars or more). There are
shortcomings and drawbacks identified within the reviewed literature for each approach, which

are briefly explained in the next two paragraphs.

Geotechnical Devices: Although geotechnical instrumentation is accurate in determining MSE

wall deformation (movement in lateral and/or vertical directions) and can collect samples at very
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high frequency, it is usually installed and affixed on-site, requiring additional effort. The accuracy
and reliability of the measured position or displacement profile is dependent on the quality of the
casing, probe, cable, readout, and accessories selected. A poorly engineered probe, stretchy cable,
faulty readout, or inferior casing will result in poor quality data and an unhappy user. The stability
of geotechnical instruments is subject to external movements due to site conditions; and its stability
must be verified throughout the data collection time in order to avoid erroneous measurements.
Moreover, instruments used to measure MSE wall deformation are usually installed in specific
locations of a construction site. These locations are determined, based on the site conditions, to
avoid potential conflicts; therefore, the collected data are limited to those selected sections of the
project. Another downside of these instruments is that they can only perform measurements in one
direction capably (e.g., one dimension) with high geometric precision and reliability. If
simultaneous 2D or 3D measurement at several locations is required, the instrumental effort
becomes rather large. The techniques generally are not suited for tasks requiring large numbers of
measurement points distributed over an object surface or for complete surface measurements.

Another practical disadvantage of these instruments is the possibility of damage to the sensors
themselves because they are fragile and are installed on - or in very close proximity to - the
structures being monitored (e.g., contact sensors). Other disadvantages include electromagnetic
interference, signal loss over long distances during transmission, gravity dependence, and poor
durability. These factors can act as obstacles during horizontal and vertical deformation monitoring

when using transitional sensors.

Surveying Devices: On the other hand, optical surveying of point targets using total stations is

labor-intensive and time-consuming, and the data are limited to the surveyed targets. Therefore,
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the process is not optimal for data collection of a wall of large length and height as scanning all
the points on a wall is not practical. For TLS, the previous research in the literature focused on
deriving standard measures. It uses reference points to register multiple scans in a common
reference frame. This approach may lead to inaccurate registration, resulting in less-reliable
estimation of vertical settlements and lateral deformations in such approaches. Moreover, manual
processes are embedded in the work in order to extract a portion of the data. As far as camera
sensors, their ability to cover a large-scale object requires more effort. In addition, the need of for
control points is time-consuming to place them on the object and risky to perform. Collecting the
images using a photogrammetric system outdoors in harsh conditions also is not practical. Besides
the previous disadvantages, the point cloud after 3D reconstruction from the photogrammetric
system can be sparse, which can prevent extracting useful information.

In order to mitigate the limitations of traditional instruments such as those mentioned above,
photogrammetric and LiDAR-based (e.g., static-based and/or mobile-based) remote sensing
techniques can be conducted for MSE wall monitoring purposes. These techniques are capable of
directly reconstructing entire 3D surfaces without the need to access the monitored object(s). This
capability can be used for performing displacement measurements (e.g., vertical and/or lateral
displacements). In addition, a permanent visual record is established for each observed epoch. This
permanent record can be used to identify and characterize the positions of each panel of the MSE
wall over time. Therefore, accurate study and prediction of deformation behavior require data
points throughout MSE walls. There is a need for a high-speed and comprehensive collection of
data as well as a method for measuring the displacements of MSE walls with an improved accuracy

compared to the conventional methods.

52



2.5 Chapter summary

This chapter provided an extensive review of the literature on traditional and remote sensing
techniques for infrastructural monitoring. In addition, the traditional surveying and remote sensing
methods for deformation measurements also were reviewed as well as the drawbacks of the various
methods. Chapter 3 and chapter 4 present the system design as well as the methodologies for
deriving both standard and new-available performance measures. These methodologies then are
used to monitor infrastructure components, specifically textured and smooth MSE walls.

In summary, the monitoring strategy should also consider factors that would affect the
practical implementation and scalability of such an approach. Total station, geotechnical field
instrumentations, and/or TLS are the most commonly used data acquisition systems for the
derivation of the serviceability measures. However, such instruments require access to the MSE
wall site and this could subject the inspectors to risky conditions as a result of incoming traffic. In
addition, field data collection is time consuming; thus, making the monitoring process non-scalable.
The third challenge, which should be addressed by a monitoring strategy, is its capability to deal
with both smooth and textured MSE walls that could be straight or curved (i.e., the MSE wall is
comprised of a set of individual planar faces). Prior research (e.g., Lin et al., 2019) has mainly

dealt with planar MSE walls with smooth panels.
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3. SCALABLE MONITORING OF MSE WALLS WITH SMOOTH
PRECAST CONCRETE PANELS USING MOBILE LIDAR

This chapter was originally submitted in the journal of surveying engineering: Aldosari, M., Al-
Rawabdeh, A., Bullock, D., & Habib, A. (2020). Scalable monitoring of MSE walls with smooth
precast concrete panels using mobile LiDAR.

3.1 Abstract

Mechanically stabilized earth (MSE) walls rely on self-weight to resist the destabilizing
earth forces acting at the back of the reinforced soil area. MSE walls are a common infrastructure
along transportation corridors within the U.S. as well as other countries since they are low-cost
and have easy-to-install precast concrete panels. The usability of such transportation corridors
depends on the safety and condition of the MSE wall system. Consequently, MSE walls need to
be periodically monitored according to prevailing transportation asset management criteria during
the construction and serviceability life stages to ensure that their expected performance measures
are met. To date, MSE walls are monitored using qualitative approaches (e.g., visual inspection
or examination), which provide limited information. Aside from being time-consuming, visual
inspection are susceptible to bias due to human subjectivity. Current alternative monitoring
approaches are based on using a total station, geotechnical field instrumentation, and/or static
terrestrial laser scanning (TLS). These instruments can provide highly accurate and reliable
performance measures; however, their underlying data acquisition and processing strategies are
also time-consuming and not scalable. This paper presents a study that aimed to develop a
comprehensive strategy using a mobile LIDAR mapping system (MLS) for the acquisition and
processing of point clouds covering the MSE wall. The proposed strategy provides several global

and local serviceability measures for MSE walls with smooth panels. Also, to efficiently obtain
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reliable data conducive to the development of these serviceability measures, an ultra-high-
accuracy wheel-based LIDAR data acquisition system was developed for that purpose. A case
study was conducted to illustrate the feasibility of the proposed acquisition/processing strategy
while focusing on the comparative performance of TLS and MLS in terms of the agreement of
the derived serviceability measures. The results of that comparison show that the MLS-based
serviceability measures were within 1 cm and 0.3° of those obtained using TLS and thus
confirmed the potential for using MLS to efficiently acquire point clouds, while facilitating
economical, scalable, and reliable monitoring of MSE walls.

Keywords: Smooth MSE walls; mobile LIDAR mapping systems (MLS); static terrestrial laser

scanning (TLS); performance/serviceability measures; civil infrastructure;
segmentation; characterization.

3.2 Introduction

Mechanically stabilized earth (MSE) walls are used extensively to resist destabilizing earth
forces acting at the back of the reinforced soil area (Oskouie et al., 2016). MSE walls are low-cost
and have easy-to-install precast concrete panels. MSE walls are a common infrastructure along
transportation corridors within the U.S. as well as other countries due to these characteristics. For
example, there are roughly 1,200 to 1,500 MSE walls in the state of Indiana, USA, excluding those
on local public agency (LPA) routes (Rearick and Khan, 2017). An MSE wall is composed of
several parts, including a facade made of precast concrete panels, which are supported by many
compacted backfill layers strengthened with geosynthetic or metallic reinforcement (Passe, 2000).
Modular facing blocks, which can be smooth or textured (i.e., with several architectural and
aesthetically pleasing finishes) constitute the fagade of an MSE wall (McGuire et al. 2017; Lin et
al. 2019). The key function of these facing panels is to prevent backfill soil material from leaking

out of the panel joints while allowing excess water to seep through them. Failure of an MSE wall
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can result not only in infrastructure damage, which is associated with a high price tag, but can also
result in the tragic loss of life. Therefore, an accurate yet scalable inspection methodology is

important.

The long-term performance of an MSE wall relies on a well-designed and constructed system
that meets the specifications provided by regulatory organizations, such as the U.S. Department of
Transportation (DOT). The longitudinal angular distortion (o) and the transversal angular
distortion (ar), which have been proposed by the American Association of State Highway and
Transportation Officials (AASHTO), is a commonly accepted set of serviceability measures
(AASHTO, 2014). The longitudinal angular distortion () is defined as the ratio of the
differential settlement between two points along the length of the MSE wall to the horizontal
distance between them. The transversal angular distortion (ay) is the lateral deflection (i.e., out of
the wall plane) of the MSE wall divided by its height. These angular distortions can be calculated

at any time during an MSE wall’s service life.

Table 1 provides the tolerable a; values for MSE walls constructed of incremental precast
concrete panels with different joint widths. During the construction of an MSE wall with
incremental precast concrete panels, the tolerable a values, when measured with a 3.048 m (10
ft) straight edge should be less than 1/160. At the end of the MSE wall construction process, a
should be less than 1/240 when measured using a plumb line dropped from the top of the
constructed wall (AASHTO, 2014). In addition to the angular distortions, the U.S. Federal
Highway Administration (FHWA) also provides guidelines for tolerable out-of-plane offsets
between neighboring panels (FHWA, 2009). According to these guidelines, the out-of-plane offset
at any joint should be less than 9.53 mm (3/8 in) during wall construction. The standard

serviceability measures, excluding the out-of-plane offset, are global measures that focus on the
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vertical settlement and lateral deflection of an MSE wall. However, most MSE wall failures are

related to local deformations, such as a relative angular tilt and displacement among neighboring

panels, as shown in Figure 3.1. Therefore, reliable monitoring should be capable of providing

measures that evaluate the deformation behavior of the individual panels within an MSE wall.

Examples of such measures include those proposed by Lin et al. (2019).

Table 3.1 Tolerable longitudinal angular distortion (a;) values for MSE walls constructed with
incremental precast concrete panels (modified from (AASHTO, 2014))

Joint width wy

Panel area < 2.8 m? (30 ft?)

2.8 m? (30 ft?) < Panel area < 7 m? (75ft?)

19 mm (0.75 inch)

oLt = 1/100 = 0.01

aLtl = 1/200 = 0.005

13 mm (0.50 inch)

aLtl = 1/200 = 0.005

aLtol = 1/300 = 0.003

6 mm (0.25 inch)

aLtl = 1/300 = 0.003

aLtol = 1/600 = 0.002
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(b)

Figure 3.1. An example of (a) an MSE wall failure that could have started with (b) an excessive
angular deformation (bulging) between neighboring panels

The monitoring approach should also consider the factors that would affect the practical
implementation and scalability of the strategy. The most commonly used data acquisition systems
for the derivation of serviceability measures are traditional surveying instruments, such as a total
station; geotechnical field instrumentation, such as an inclinometer; and/or static terrestrial laser
scanning (TLS). The use of such instruments is time-consuming and requires access to the MSE
wall site. Moreover, adopting such technologies can expose inspectors to dangerous conditions as
a result of continuous traffic flow. A reliable monitoring strategy needs to address these concerns
and also should be able to handle MSE walls that are straight or curved (i.e., an MSE wall is
composed of a set of individual planar faces as shown in Figure 3.2(a) or a single curved facade,

which could be considered as piece-wise planar, as shown in Figure 3.2(b)). Previous research
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(e.g., Lin et al., 2019) addressed only planar MSE walls with smooth panels (Figure 3.2 (a)); so,

the development of a methodology that addresses all types of MSE walls would be an innovative

contribution as well. In response to the abovementioned challenges for monitoring MSE walls, the

study presented in this paper aims to achieve the following three objectives:

1. Develop a monitoring strategy that could be used for the delivery of both standard and recently
available serviceability measures.

2. Provide a reliable, scalable monitoring strategy using mobile LiDAR.

3. Introduce a methodology that can support MSE walls with smooth precast concrete panels
along either planar or piece-wise planar facades.

The remainder of this paper will proceed as follows. Section 3.3 briefly discusses the existing
MSE wall monitoring strategies with an emphasis on those utilizing LIiDAR point clouds. Section
3.4 introduces the mobile LIDAR mapping system (MLS) data acquisition unit specifically
developed in this study to address the research objectives. In addition, Section 3.4 describes the
data acquisition for the case study conducted to illustrate the comparative performance of MLS
and TLS. The proposed methodology in then presented in Section 3.5. Section 3.6 discusses the
results from the data processing strategy for the case study. Finally, Section 3.7 presents the

conclusions and recommendations for future work.
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Figure 3.2.Two types of MSE walls: (a) Multi-face planar MSE wall and (b) Curved MSE wall
with a piece-wise planar face
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3.3 Related Work

Visual inspections/examinations using a variety of instruments, such as measuring tapes and
plumb lines, are commonly used as MSE wall monitoring techniques. However, these techniques
can lead to inconsistencies due to human subjectivity (Oats et al., 2017). Other methods for
evaluating some serviceability measures for MSE walls with precast concrete panels include the
use of a total station or TLS. Laefer and Lennon (2008) proposed an approach for monitoring
retaining walls using TLS whereby multiple temporal scans are collected and processed to detect
any movements of the vertically stacked panels within the MSE wall. Each scan must include a
minimum of three spherical static targets, which then are used as reference points for the
registration/alignment of the captured scans. The authors recommended that the targets remain on-
site for the duration of the monitoring process. Oskouie et al. (2016) utilized TLS to acquire point
clouds and derive performance measures for MSE walls. In their research, the point cloud data
first was cleaned by eliminating unwanted objects, such as temporary steel and wooden brackets.
Then, a planar model was fitted through the wall using the random sample consensus (RANSAC)
algorithm (Fischler and Bolles 1981). The authors considered the vertical/horizontal joints as
outliers when inspecting the normal distances relative to the fitted wall-plane surface and the joint
distances are reported as a serviceability measure. Lienhart et al. (2018) presented a practical
approach for large-scale monitoring of retaining walls along Austrian highways using a mobile
mapping system (MMS) with a measurement platform composed of two laser scan profilers, an
inertial measurement unit (IMU), a differential global navigation satellite system (GNSS) receiver,
and multiple cameras that provided true colors for the acquired point clouds. The point clouds
captured by the two sensors were used to generate vertical profiles every 5 cm along the retaining

wall by intersecting the wall surface model with planes orthogonal to the vehicle’s trajectory. They
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then used fitted regression along the vertical profile to derive the tilt angle of the MSE wall facade
and found that it was possible to determine the tilt angle with an accuracy better than 0.1°. Their
approach was limited to evaluating the transversal out-of-plane angle of the retaining wall, which
is similar to the AASHTO-based transversal angular distortion (a). Lin et al. (2019) utilized TLS
to derive the standard measures (i.e., longitudinal and transversal angular distortions) of MSE
walls with smooth panels. In their work, they also derived new measures that represent the out-of-
plane angular tilts and displacements of the panels relative to the individual MSE wall faces. For
derivation of the standard and new performance measures, Lin et al. (2019) defined two coordinate
systems for the individual faces and panels, denoted as the Levelled Face (LF.) and Panel (P,.)
coordinate systems, respectively. The LF.; was derived using a plane fitting through a manually
cropped face of an MSE wall and considering the local horizontal/vertical directions within the
site. The P,;, however, began with the identification of the individual panels through a region
segmentation procedure where the local point spacing and normal distances between the points
along the face and the best fitting plane through these points were used as the segmentation criteria.
Following the panel segmentation, P., was defined through its bounding box (i.e., the minimum
bounding rectangle —-MBR (Freeman and Shapira, 1975). The new serviceability measures
developed in their work were based on the spatial and rotational relationships between the LE_
and P,.

Although TLS is an effective tool for monitoring MSE walls that has been shown to provide
highly accurate and reliable serviceability measures, it is a time-consuming process that affects
traffic flow during data acquisition, and it also has not been fully tested on large MSE walls. The
monitoring strategy proposed in this paper therefore is based on the use of an MLS, which collects

highly accurate, high-resolution point clouds while driving along the transportation corridor.
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3.4 Acquisition System Specification and Configuration of the Case Study

The essential objective of this study was to demonstrate the feasibility of using a wheel-based
MLS for point cloud acquisition to obtain a wide range of MSE wall serviceability measures. An
in-house-developed MLS, which is shown in Figure 3.3, was used for the case study conducted.
The MLS has two high-grade laser scanners (Riegl VUX-1HA and ZF Profiler 9012) as well as
two rear-facing FLIR Flea2 5.0MP cameras. Each laser scanner has a single laser beam and
delivers a 360° horizontal field of view. The Riegl VUX-1HA and ZF Profiler 9012 can capture
roughly one million points per second each and operate within a range of 150 m (at an accuracy of
+5 mm) and 120 m (at an accuracy of 2 mm), respectively (Riegl, 2018; ZF, 2018). Derivation
of the ranging data requires geo-referencing the mapping platform, which entails determination of
the position and orientation of the individual sensors relative to a user-defined coordinate system.
The MLS onboard sensors are directly geo-referenced by a NovAtel ProPaké GNSS receiver and
ISA-100C near-navigation grade IMU. The Inertial Explorer Differential GNSS Inertial post-
processing software from NovAtel is used for the integration of the raw GNSS/INS data. The
accuracy of the derived GNSS/INS attitude after post-processing is 0.003° for the pitch/roll and
0.004° for the heading (yaw), and the range of the positional accuracy is 0.01 to 0.02 m (NovAtel,
2019). A rigorous system calibration procedure (Ravi et al., 2018) was used for the estimation of
the spatial and rotational offsets (i.e., the mounting parameters) between the GNSS/INS and laser
scanning units. The the system calibration parameters were estimated by minimizing the
discrepancies between conjugate points, linear features, and planar features captured from different

scanners in different drive runs.
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A. GNSS Antenna
. Left LIDAR (Riegl VUX1HA)
. Right LiDAR (Z+F Profiler 9012)
. GNSS/INS unit
. Rear Right Camera
. Rear Left Camera

Figure 3.3. Configuration of the wheel-based mobile LiDAR mapping system used for the
acquisition of point clouds along MSE walls

A smooth MSE wall in the U.S. state of Indiana was selected for a case study to illustrate the
capability of the developed MLS and proposed processing strategy for deriving both standard
(longitudinal and transversal angular distortions) and recently available performance measures
introduced by Lin et al. (2019). The case study was conducted to evaluate the overall capability of
mobile LIiDAR in examining the MSE wall by comparing its derived measures to those based on
TLS. For the TLS data acquisition process, a Faro Focus x330 with a range accuracy of £2 mm at
an object distance of 25 m was used (FARO, 2013). This scanner has a maximum range of 330 m
while emitting close to one million pulses per second and provided color-coded point clouds using
a built-in camera. At a given location, the TLS performed two consecutive scans, with the first
scan dedicated to acquiring the 3D point cloud while the second one captured successive images
that were used for colorizing the individual points. Figure 3.4 depicts a portion of the MSE wall

that had piece-wise planar facades (i.e., the facades cannot be modeled as a single planar surface).

64



The MSE wall at the site was built in 2014 and consists of 11 piece-wise planar faces along
six facades (see Figure 3.5). The total length of the MSE wall is approximately 345 m (along the
six facades) with an average height of 7 m. This study focuses on approximately 160 panels (i.e.,
fully covered and not occluded) of the MSE wall that constitute facades 1,2, and 5 (facades 3,4,
and 6 are excluded as they are out of the range of the LIDAR units). The panels dimension are
approximately 1.5 m by 3 m in size. The width of the joints for the size of the facing panels used
in thiswall is 19 mm (0.75in.), as prescribed in the Indiana Department of Transportation standard
specifications (Indiana Department of Transportation Standard Specifications 2016). To obtain
complete coverage of the MSE wall and to mitigate any occlusions caused by vegetation and/or
road features (e.g., light poles and signs), three TLS scans were collected. The MLS system
conducted four drive runs in opposite directions at an average driving speed of 15 mph, as shown
in Figure 3.5. Each drive run was finished in less than 30 seconds. A sample of the collected MLS

point cloud is shown in Figure 3.6.

=

Figure 3.4. Sample photo of a portion of the MSE wall with smooth panels (the different tiles are
highlighted by the red rectangles)
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Figure 3.5 Location and drive runs configuration for the dataset collection at the site

Figure 3.6 Point cloud at the MSE wall site location collected by the MLS (colored by height)
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3.5 Methodology

3.5.1 Conceptual basis of the proposed methodology

A flowchart of the proposed procedure — which is comprised of data acquisition, data
processing, and estimation of the performance/serviceability measures — for the scalable,
systematic approach developed in this study is shown in Figure 3.7. The standard serviceability
measures, as specified by AASHTO (2014), evaluate the longitudinal and transversal angular
distortions of a given MSE wall face. The newly developed serviceability measures by Lin et al.
(2019) provided the relative displacement and rotation of the individual panels relative to a
Levelled Face coordinate system (LF_).

In order to derive the serviceability measures, the point clouds captured from the different
MLS drive runs should be registered to a common reference frame even though, theoretically,
registration is not necessary for point clouds acquired by an MLS since they are directly
georeferenced through the onboard GNSS/INS unit. The GNSS/INS trajectory, when combined
with the system calibration parameters, produces the position and orientation of the laser scanners
relative to the mapping frame (e.g., the UTM coordinate system with the WGS84 as the datum for
the horizontal coordinates and the National American Vertical Datum of 1988 — NAVD 88 — for
the vertical coordinates). Therefore, the collected point clouds from the different drive runs should
be properly aligned, provided there is reliable trajectory data and accurate system calibration
parameters are available. However, issues related to canopy cover, obstructions (e.g., tunnels
and/or overhead bridges), GNSS-signal multipath interference from neighboring traffic, and
platform speed can compromise the GNSS/INS trajectory, which can lead to alignment
discrepancies between overlapping point clouds from neighboring drive runs. To take advantage

of the available/complementary point cloud data from multiple drive runs, alignment must be
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ensured. In general, registration strategies can be categorized into coarse and fine approaches (Al-
Durgham and Habib, 2013; Al-Rawabdeh et al., 2017). Since this study primarily utilized MLS
point cloud data, which is aligned to a high degree by the onboard GNSS/INS unit, its focus was
fine registration. The point cloud fine registration strategy adopted in this study is discussed in
more detail in Section 3.5.2.

The identification of individual planar segments of the wall (denoted hereafter as faces) is
derived once the point clouds of the MSE wall have been accurately registered. If an MSE wall is
multi-face with individual planar faces, as shown in Figure 3.2(a), or a piece-wise planar facade,
as shown in Figure 3.2(b), it needs to be partitioned into sections that are believed to be perfectly
planar. In this study, the MSE wall faces were manually identified and partitioned. The criterion
for the fine-tuning of the partitioning process was based on the root mean square error (RMSE) of
the normal distances between the constituent points from the corresponding best-fitting plane for
the MSE wall face.

The next step is to define the coordinate systems associated with the MSE wall face (LF,,) as
well as the individual panels (P.;). These coordinate systems are essential for determining the
standard and new serviceability measures. The LE. is defined by the local horizontal/vertical
directions at the MSE wall site as well as the best-fitting plane through the face in question, as
depicted inFigure 3.8. The Y-axis of the LF_ is defined in a way that it belongs to the MSE wall
face (as defined by the fitted plane parameters) and is parallel to the horizontal plane, as described
by the XY -plane of the defined mapping coordinate system at the site location. The Z-axis of the
LF,, is aligned along the plumb line at the MSE wall site. Finally, the X-axis of the LF,, is derived
to define a right-handed coordinate system. To facilitate the definition of the LF., the geo-

referencing parameters from the MLS are established in a local mapping coordinate system
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wherein the Z-axis points in the local level (plumb line) direction at the MSE wall site location.
The P, is essential for evaluating the relative displacement between the panels as well as the
relative displacement/rotation between the panels and the LF,;. As shown inFigure 3.8, the panel
coordinate system is defined with Y and Z axes aligned along the bottom and left sides of the
bounding rectangle enclosing the panel. The X-axis of the panel coordinate system is derived to
define a right-handed coordinate system (i.e., it is defined by the normal to the panel surface). A
key component for reliable derivation of the serviceability measures is ensuring that the P, is
defined in an identical manner for all the panels in a given face. To isolate the points making up
the individual panels and to define the panel coordinate systems, this study adopted a region-
growing segmentation procedure, which utilizes the local point spacing (LPS) and normal distance
(ng) from the best-fitting plane to the MSE wall face as the similarity criteria. The underlying
assumption for such segmentation is that excessive normal distances from the best-fitting plane
correspond to the joints separating the individual panels. Finally, after the coordinate systems are
established and the individual panels are extracted, the performance measures can be derived. The
definition and derivation of the standard and recently available performance measures for smooth

MSE walls are presented in Section 3.5.4.
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Figure 3.8. Illustration of the Levelled Face coordinate system (LF,) and Panel coordinate
system (P.)
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3.5.2 Registration of point clouds from different MLS drive runs and TLS scans

A wide range of point cloud registration procedures have been proposed in the past few years
to ensure accurate registration of LIDAR point clouds captured from different MLS drive runs.
According to Habib and Al-Ruzoug (2004), a comprehensive registration paradigm should address
four criteria: (1) the transformation parameters relating the reference frames of the involved
datasets, (2) the registration primitives used for the estimation of the transformation parameters,
(3) the mathematical constraints describing the similarity metric between conjugate primitives
after registration, and (4) the matching strategy for the automated identification of conjugate
primitives. Due to the short acquisition duration of the point cloud data from different drive runs
(less than 30 seconds), a six-parameter transformation (three shifts and three rotation angles
denoted as X1, Y1, Z1,Q, @, and K, respectively) would be sufficient for relating the reference
frames of the point clouds from the different drive runs. For fine registration, point primitives are
recommended due to the huge redundancy supplied by the size of the point cloud, which would
ensure the highest accuracy possible for the estimated transformation parameters even though a
point-to-point correspondence cannot be guaranteed in the data from different drive runs. The
similarity metric is based on constraining the distance between a point in one drive run and its
corresponding point in another drive run (the latter is established by the matching strategy after
the application of the transformation parameters) to be zero. Addressing the matching strategy is
the final task in the alignment process. The well-known iterative closest point (ICP) algorithm
(Besl and McKay, 1992) establishes matches through the iterative minimization of the squared
sum of the point-to-point distances in the overlapping area between the different drive runs. An
alternative strategy was proposed by Grant et al. (2012) to avoid the underlying assumption of the
ICP-i.e., point-to-point correspondence in overlapping point clouds—, where the estimation of the

transformation parameters is based on a point-to-plane minimization metric. The key limitation of
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this strategy is its computational inefficiency. The iterative closest patch (ICPatch) algorithm
(Habib et al. 2010), which is a variant of ICP, is a better matching strategy because it avoids the
underlying assumption of having point-to-point correspondences. Within ICPatch, the points in a
drive run are matched to triangular patches in another drive run, which are derived through a
triangular irregular network (TIN) procedure. The matching strategy identifies point-patch pairs
through the iterative minimization of the squared sum of the normal distances between such pairs.
To avoid the TIN generation procedure, which can handle only surfaces with predominantly mild
slopes, the iterative closest projected point (ICPP) algorithm was developed (Al-Durgham and
Habib 2013). In this case, the patch is defined by the closest three points in the second drive run
to a transformed point from the first one using the current estimate of the transformation
parameters.

In the study presented in this paper, a modified matching strategy, which is a hybrid
implementation of ICPatch and ICPP, was utilized. An approximate estimate of the transformation
parameters between the captured point clouds from different drive runs is established. Given that
these point clouds are aligned to a high degree through the onboard GNSS/INS, zero shifts and
zero rotation angles can be used as the initial values for the transformation parameters. These
parameters are used to transform a point from one drive run, which will be denoted as the source
surface, to the reference frame of the other drive run, which will be denoted as the reference surface.
The transformed point (Py) is then used to identify the three closest points in the reference surface.
The closest three points are accepted as a possible match if (Pt) belongs to a bipyramid formed by
these points and two vertices that belong to the orthogonal to the triangle, which is defined by
these three points through their centroid given a predefined normal distance threshold (Figure 3.9).

The normal distance threshold (n) is selected based on the noise level within the data. Rather than
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minimizing the squared sum of the distances between the transformed point and its projection onto
the corresponding triangle (which is implemented in ICPP), this study utilized the modified weigh
function proposed by ICPatch for the estimation process. For more details regarding the modified
weight function, interested readers can refer to (Habib et al. 2010).

Compared to the original ICPatch and ICPP, the advantages of the hybrid approach include a
higher computational efficiency, less sensitivity to the existence of erroneous points (i.e., outliers),
and capability of registering vertical surfaces, which cannot be effectively handled in the original
ICPatch. An example of the outcomes from the point cloud registration are shown in Figure 3.9,

where three TLS scans are registered together with the MLS point clouds from different drive runs.
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Figure 3.9. (a) Transformation from source point cloud to reference point cloud, and (b)
conditions to accept the point-to-patch correspondence between the two point clouds.
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Figure 3.10. Point cloud registration of TLS dataset at the site (colored by the RGB
values from the TLS camera) and the MLS dataset (colored by drive runs)

3.5.3 MSE wall face and panel identification

A semi-automated procedure is developed in this study to extract the faces and the panels of
the MSE wall. First, the MSE wall is partitioned into individual faces that can be considered planar
segments (Figure 3.11). The sectioning process is conducted manually, and the planarity of each
individual MSE wall face is examined by applying a plane fitting to the constituent points. A
section/partition is accepted if the RMSE of the normal distance of the points from the best-fitting
plane through this section is below a threshold that depends on the noise level in the data. Once
the individual faces are established, the LF,, is defined, as explained in Section 4.1. Then, a region-
growing segmentation technique is applied to segment the points comprising the individual panels,
as described by Habib and Lin (2016). The similarity criteria for the region growing process
include the local point spacing (LPS) and the normal distance (n;) between the points and the
fitted plane through the face. The results of the segmentation for one face are shown in Figure
3.12. Following the panel segmentation technique, the P. for each of the segmented panels is
simply defined by identifying the MBR enclosing the segmented panels, as proposed by Lin et al.
(2019). More specifically, the X-axis of the P. is aligned along the normal to the panel’s best-

fitting plane through the point clouds along that panel. The Y-axis and Z-axis of the P, are aligned
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along the bottom and left sides of the panel in question, as can be seen in Figure 3.8. Having

defined the LF.; and P, the serviceability measures can be obtained.

1 2 3

Figure 3.11. An example of manual extraction of the faces along an MSE wall with piece-wise
planar facade (different colors along the MSE wall represent the different registered scans)

4.5

Figure 3.12. An example of segmented smooth MSE wall panels (different colors represent
different segmented panels)

3.5.4 Derivation of standard and new serviceability measures

The standard serviceability measures include the longitudinal angular distortion («;) and the
transversal angular distortion (a;). The derivation of such measures is based on establishing
longitudinal and transversal lines along the MSE wall face in question. Longitudinal lines are
established by applying a line-fitting technique using the corners of the horizontal edges of all the
panels adjacent to these lines. Once the line parameters (i.e., the directional vector of the 3D line)
are estimated, a dot product between the directional line parameters and the Y-axis components of

the LF, is used to obtain the longitudinal angular distortion (). The transversal lines for the
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columns of panels are derived using the midpoints of the horizontal edges of the uppermost and
lowermost panels of a given column. Then, to obtain the transversal angular distortion (), a dot
product of a vector connecting the midpoints of the uppermost and lowermost panel edges and the
Z-axis components of the LF_, is performed. An example of the longitudinal and transversal lines

used for a planar face of the MSE wall is illustrated in Figure 3.13.

i T2 T3 T4 TS5 T6

4.5

Figure 3.13 Longitudinal and transversal lines used to define the angular distortions for a planar
face of the MSE wall

The recently developed serviceability measures by Lin et al. (2019) were used to evaluate
the relative displacement and rotations of a panel relative to the LF,,. The spatial and rotational
relationships between the LF.; and P.g, as seen in Figure 3.8, are utilized to derive these
serviceability measures. The location of the origin of the P¢s relative to the LF_; (denoted as Xo, Yo,
and Zo) defines the panel position. The rotation angles (denoted as 6,,, 6,,, and 8,,) that need to
be applied to the LF, to make it parallel to the P, are utilized to define the panel orientation. The
final measure is the normal distances between the corners of each panel and the fitted planes
through neighboring panels. These normal distances are derived using the derived corners from
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the MBR, as shown in Figure 3.14. In this figure, eight normal distances (denoted by the black

lines) from the four corners of Panel 4 to the neighboring panels can be estimated.

Panel 5
D | A
Panel 2 —CJ—I |_:>_ Panel 7
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Panel 1 (j : i2<> Panel 6
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Figure 3.14 Evaluation of panel-to-panel out of-plane displacement

3.6 Experimental Results

To assess the capability of the developed MLS in monitoring large MSE walls with smooth
precast concrete panels, a case study was conducted in the state of Indiana, USA, by comparing its

results to those derived from a TLS dataset.

3.6.1 LIiDAR point cloud alignment

Point cloud registration first was performed to register 1) the MLS point clouds from the two
scanners onboard the MLS in a given drive run, 2) the MLS point clouds from two drive runs, 3)
the TLS point clouds from the three scan stations, and 4) the MLS and TLS point clouds. The
estimated transformation parameters relating the derived point clouds from the two MLS scanners
in a given drive run were used to evaluate the quality of the system calibration procedure (i.e.,
significant deviations from zero shifts and zero rotation are indications of residual artifacts in the

system calibration parameters). The estimated transformation parameters between the point clouds
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from different drive runs were used to quantitatively evaluate the quality of the GNSS/INS
trajectory (i.e., significant deviations from zero shifts and zero rotation is an indication of the
inferior quality of the GNSS/INS trajectory). The registration of the TLS and MLS point clouds
was performed to ensure that there were uniquely defined local vertical and horizontal directions
within the study site. To evaluate the comparative performance of TLS-based and MLS-based
inspection strategies , the results for three faces (with a total of 78 panels) along facade 2 of the
MSE wall (i.e., faces 2, 3, and 4) are examined. Two MLS drive runs in opposite directions
covering the MSE wall were used for this comparative test. A total of six registration steps were
conducted. The first and second steps involved the registration of the Riegl and ZF scans in each
drive run. The third step performed the alignment between the combined/registered scans from the
two drive runs. Three TLS scans were registered, in two sequential steps, to a unified coordinate
system. Finally, the TLS and MLS point clouds were registered to a common reference frame
defined by the latter. Figure 3.15 through Figure 3.18 qualitatively illustrate the point-cloud
alignment of the derived point clouds from the two scanners (i.e., Riegl and ZF) in a given drive
run, point clouds from two drive runs in opposite directions, point clouds from the TLS scan
stations, and point clouds from the TLS and MLS units. In each of these figures, four vertical
profiles were manually extracted to illustrate the alignment quality. These profiles exhibited a good
overall alignment between the point clouds from the scanners in a given drive run, point clouds in
two drive runs, point clouds in three TLS scans, and point clouds in the TLS/MLS units.

Table 3.2 through Table 3.5 report the respective transformation parameters along with the
square root of a-posteriori variance factor (6-) and average RMSE of the normal distances between
the registered point clouds in Figure 3.15 through Figure 3.18. Close inspection of Figure 3.15

through Figure 3.18 and Table 3.2 through Table 3.5 reveals the following:
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1. The estimated magnitudes of the transformation parameters necessary for the alignment of the
Riegl and ZF scanner point clouds confirmed the high quality of the system calibration, as
indicated by the small values of these parameters in Table 3.2 (the estimated parameters were
in the range of 2 cm and 0.1°).

2. The estimated transformation parameters necessary for the alignment of the MLS point clouds
from different drive runs indicated the presence of some discrepancies between these point
clouds in the ranges of 2to 10 cmand -0.1° to 0.06° as shown in Table 3.3. These discrepancies
were mainly caused by the impact of environmental factors on the GNSS/INS trajectory
derivation.

3. The reported square root of a-posteriori variance factor (-) and average RMSE of the normal
distances between conjugate primitives for the different point clouds indicated the alignment
quality following the registration process (i.e., in the range of 1 to 4 mm as can be seen in

Table 3.2 through Table 3.5, these are well within the specifications of the used systems).

e Riegl
9 °® 7ZF

o
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Figure 3.15. Cross sections illustrating the alignment quality of registered Riegl and ZF scans
from a given drive run covering faces 1, 2, 3, and 4 along fagades 1 and 2 of the MSE wall
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Figure 3.16. Cross sections illustrating the alignment quality of registered point clouds from the
two MLS drive runs for covering faces 1, 2, 3, and 4 along facades 1 and 2 of the MSE wall

e Scan 1

e Scan 2

Figure 3.17. Cross sections illustrating the alignment quality of two registered TLS scans
covering faces 2, 3, and 4 along fagade 2 of the MSE wall
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Figure 3.18. Cross sections illustrating the alignment quality of registered TLS and MLS point

clouds covering faces 2, 3, and 4 of the MSE wall

Table 3.2. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal
distances) following the registration of the Riegl and ZF scans in a given drive run

X1 Yr Zr o ® K G | noverdd® | RMSE
(mxmm) | (mxmm) | (mxmm) | (degtsec) | (degtsec) | (deg+sec) | (m) (m) ' (m)
-0.003 0.023 0.002 -0.104 -0.008 0.014 0.0016 0.0012 0.0018
+0.02 +0.01 +0.02 +0.01 ~+0.00 | ~+0.00 ' ' '

Table 3.3. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal
distances) following the registration of the MLS point clouds from different drive runs

Xz Yr Zr Q ® K G | v | RMSE
(mxmm) | (mxmm) | (mxmm) | (degxsec) | (degxsec) | (degxsec) (m) (m) ' (m)
0.028 -0.108 0.012 0.064 -0.039 0.018
0.0034 0.0023 0.0037
+0.01 | ~+0.00 | +0.01 +0.01 ~+0.00 | ~+0.00
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Table 3.4. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal
distances) following the registration of two TLS scans

X Yr Z Q ® K G | goverad® | RMSE
(mxmm) | (mxmm) | (m+mm) | (deg+sec) | (deg+sec) | (degtsec) | (m) (m) ' (m)
6.73 18.98 -2.44 -0.005 -0.018 14.25
0.0005 0.0006 0.0016
+0.01 +0.01 +0.02 | ~+0.00 | ~+0.00 | ~+0.00

Table 3.5. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal
distances) following the registration of the MLS and TLS point clouds

X1 Yr Z Q ® K G | s | RMSE
(mxmm) | (mxmm) | (mxmm) | (degtsec) | (degtsec) | (degtsec) | (m) (m) ' (m)
-4.33 16.01 2.26 0.07 0.01 -69.61
0.0012 0.0009 0.002
~+0.00 | ~+0.00 | #0.01 ~+0.00 | ~+0.00 | ~=+0.00

3.6.2 Serviceability measures

The longitudinal and transversal angular distortions for the MSE wall planar face (TLS in
green and MLS in blue) as well as the recommended tolerable angular distortions (denoted by the
red lines) are illustrated in Figure 3.19. These angular distortions were evaluated using the
longitudinal and transversal line in Figure 3.13 (i.e., L1 to L9 and T1 to T6 for longitudinal and
transversal angular distortions, respectively). The horizontal line in Figure 3.19(a) represents the
tolerable longitudinal distortions for a joint width of 19 mm (0.75 in.). The horizontal line in Figure
3.19(b) represents the post-construction tolerable transversal angular distortions, as prescribed in
AASHTO (2014). Figure 3.19 reveals that the angular distortions (both longitudinal and
transversal) obtained from the MLS closely resembled those derived using the TLS, which
confirmed the capability of mobile LIDAR to achieve a high-quality assessment of the standard
serviceability measures. As far as the MSE wall evaluation is concerned, Figure 3.19(a) and Figure

3.19(b) show that this wall satisfied the longitudinal angular distortion criterion for a joint width
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of 19 mm (0.75 in). However, it failed to meet the tolerable transversal angular distortion criterion

of 1/240.

Longitudinal Distortion

1/200 0.005
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Figure 3.19. Angular distortion for the smooth MSE wall (i.e., face 3 along fagade 2): (a)
longitudinal angular distortion along lines L1-L9, and (b) transversal angular distortion along
lines T1-T6 (the horizontal lines represent the tolerable angular distortions) L1-L9 and T1-T6 are
illustrated in Figure 3.13

Recently-available serviceability measures, including the estimated values (i.e., the
position of the most lower left corner of each panel (Xo, Yo, and Zo) and the angular orientation of

each panel (6,,, 6,,,, and 8,,) relating the F.; and LF,, coordinate systems), are listed in Table 3.6

P1
for TLS and MLS, respectively. For a perfectly constructed MSE wall, the X-coordinate of the
origin of the P relative to the LF,,, denoted as Xo, should be close to zero. Moreover, the YZ-

coordinates of the origin of the P., denoted as Yo and Zo, should reflect the dimensions of the

panels as well as the gap between the panels along the width and height directions, respectively.
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The position of the panel can be used to detect the potential relative movements among the panels
in a given face. Such movement can be identified and quantified through repetitive scans over time.
The second set of measures are the angular rotations representing the relationship between the LF

and F.;. As mentioned earlier, the rotation angles 6,,, 6,,,, and 8, represent the rotations that

yp
need to be applied to the LF,, until it is parallel to the P.;. Moreover, 6,,, and 6,,, can be viewed
as rotations of the panel out of the LF,,, while 6, represents a rotation in the plane of the panel.
For a perfectly constructed MSE wall, these rotation angles should be as close to zero as possible.
Table 3.6 shows a sample of the calculated values of the recently-available performance measures
(for the 32 panels of face 3 in facade 2).The derived dimensions of the complete panels can be
used as an additional quality control measure for the proposed methodology by evaluating their
closeness to the known panel size. For example, panels 3, 4, 5, and 7 had an estimated width and
height varying from 2.95 to 2.97 m and from 1.46 to 1.48 m, respectively, as presented in Table
3.6. A graphical summary of Table 3.6 is provided in Figure 3.20 which shows the cumulative

distribution functions (CDFs) for the three angular values (6y,, 8,,, and 6,,) and the panel-to-

-
panel normal distance of the TLS and MLS datasets.

The summary statistics for the proposed serviceability measures for the investigated 78 MSE
wall panels within faces 2, 3, and 4 in facade 2 using the TLS and MLS point clouds are provided
in Table 3.7. The results Table 3.7 show how TLS-derived measures (i.e., angular orientations and
panel-to-panel displacements) quite resemble the performance measures derived using MLS,
which validates the capability of using the MLS system to obtain the serviceability measures for
MSE walls. For the TLS/MLS comparative evaluation, Table 3.8 shows the statistics of the

differences between the TLS-based and the MLS-based serviceability measures, as well as the

width and the height of the panels that can be also used as an additional quality control measure
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for the proposed methodology. For this comparison, two panels were excluded as they were not
covered completely by either TLS or MLS point clouds. It can be concluded that the MLS-based
similarity measures were within 1 cm and 0.3° for the recently available serviceability measures
and within the 0.3/1000 for the standard measures (i.e., longitudinal and transversal angular
distortions) when compared to those from TLS. In addition, the measures for the width and the
height of the panels that are complete in size, were similar compared to those derived from a TLS
dataset, and RMSE of the differences between the width and the height of the panels were between

1and 2 cm.
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Table 3.6. TLS-based and MLS-based panel parametrization (position, angular tilts, width and height) for face 3 along facade 2 of the

MSE wall

X, X, Y, Y, Z, Z, Op Op 0,y 6y 6,p 0. w H w H
ID (m) (m) (m) (m) (m) (m) | (deg) | (deg) | (deg) | (deg) | (deg) | (deg) (m) (m) (m) (m)

TLS | MLS | TLS MLS | TLS | MLS | TLS MLS TLS | MLS | TLS MLS TLS | MLS | TLS | MLS
1 0.00 | 0.00 0.00 001 | -0.08 | -0.06 | -007 | 006 | -1.61 | -1.49 | 0.13 0.14 299 | 297 | 096 | 0.95
2 -0.02 | -002 | 0.01 001 | 091 | 092 | -020 | -011 | -033 | -0.33 | 0.05 0.06 296 | 296 | 146 | 1.46
3 -0.03 | -0.03 | 0.02 0.01 240 | 240 | 0.14 0.07 069 | -0.73 | 0.06 0.07 296 | 296 | 146 | 147
4 -0.05 | -0.05 | 0.03 002 | 390 | 389 | -0.07 0.05 -0.79 | -0.79 | 0.03 0.05 295 | 296 | 146 | 1.47
5 -0.07 | -0.07 | 0.02 001 | 539 | 540 | -003 | -0.24 0.12 0.11 | 0.03 0.03 296 | 296 | 146 | 1.46
6 -0.07 | -0.06 | 0.01 0.02 691 | 6.89 | -099 | -0.36 0.37 022 | -012 | -0.09 296 | 295 | 051 | 0.49
7 -0.01 | -0.01 | 301 301 | 014 | 014 | 024 0.19 085 | -0.85 | -0.13 | -0.12 296 | 297 | 147 | 148
8 -0.03 | -0.03 | 3.01 3.01 1.65 | 1.64 | -0.06 0.15 -1.09 | -1.09 | -0.03 | -0.02 296 | 296 | 145 | 1.46
9 -0.05 | -0.05 | 3.01 301 | 314 | 314 | 031 014 | -051 | -059 | 0.26 0.25 223 | 296 | 145 | 1.46
10 | -0.06 | -0.06 | 3.01 301 | 464 | 463 | 0.20 0.12 038 | -0.36 | 0.18 0.19 295 | 296 | 145 | 147
11 | -0.06 | -0.06 | 3.00 300 | 6.14 | 613 | -007 | -002 | -003 | -0.06 | 0.37 0.38 296 | 297 | 120 | 121
12 | 0.00 | 0.00 6.00 6.01 | -0.08 | -0.02 | 0.32 0.20 -1.08 | -097 | -007 | -0.07 297 | 298 | 095 | 0.90
13 | -0.02 | -0.02 | 6.01 6.00 | 091 | 091 | 0.30 0.28 064 | -064 | -032 | -0.33 296 | 299 | 145 | 1.46
14 | -0.04 | -004 | 6.00 6.00 | 240 | 240 | 034 024 | -042 | -044 | -053 | -052 297 | 299 | 146 | 147
15 | -0.05 | -0.05 | 6.01 6.00 | 390 | 390 | 0.35 0.10 -1.00 | -099 | -055 | -057 296 | 299 | 146 | 147
16 | -0.07 | -0.07 | 6.00 6.00 | 540 | 539 | 0.09 0.18 066 | -069 | -044 | -0.45 296 | 299 | 147 | 147
17 | -0.08 | -0.08 | 6.00 6.00 | 690 | 6.90 | -0.08 0.15 0.68 063 | -015 | -0.16 296 | 299 | 036 | 037
18 | 0.00 | 0.00 9.01 901 | 017 | 018 | -0.01 0.03 -058 | -059 | 0.36 0.36 297 | 296 | 146 | 1.46
19 | -001 | -0.01 | 9.01 9.01 167 | 167 | 0.02 004 | -036 | -035 | 031 0.31 297 | 296 | 145 | 1.46
20 | -0.02 | -003 | 9.02 900 | 317 | 316 | -0.27 0.05 046 | -045 | 0.13 0.11 297 | 296 | 147 | 147
21 | -0.03 | -003 | 9.00 900 | 466 | 465 | -002 | -001 | -084 | -082 | 0.19 0.17 296 | 297 | 146 | 147
22 | -0.06 | -006 | 8.99 8.99 617 | 615 | -1.14 | -019 | -020 | -025 | 0.04 0.03 297 | 297 | 103 | 1.04
23 | -0.01 | -001 | 12.02 | 1201 | -0.07 | -0.07 | -0.03 0.03 080 | -0.80 | 0.16 0.15 296 | 297 | 096 | 0.96
24 | -0.03 | -003 | 1202 | 1200 | 092 | 093 | -001 | -004 | -045 | -044 | -0.13 | -0.15 296 | 297 | 146 | 1.46
25 | -0.03 | -003 | 12.01 | 1200 | 242 | 243 | -005 | -020 | -023 | -0.22 | 0.03 0.01 296 | 297 | 147 | 147
26 | -0.04 | -004 | 12.00 | 1200 | 393 | 392 | -015 | -019 | -028 | -023 | -0.17 | -0.19 296 | 297 | 146 | 147
27 | -0.05 | -005 | 11.99 | 1199 | 543 | 542 | -030 | -041 | -082 | -0.85 | -0.23 | -0.24 297 | 298 | 169 | 1.69
28 | -0.02 | -002 | 15.02 | 1500 | 016 | 0.15 | 0.29 001 | -029 | -027 | 085 0.84 213 | 214 | 147 | 148
29 | -0.03 | -003 | 15.01 | 1500 | 166 | 1.67 | 0.34 0.18 -057 | -057 | 0.97 0.97 214 | 214 | 146 | 1.46
30 | -0.04 | -004 | 15.01 | 1500 | 3.15 | 3.16 | 0.44 0.05 -0.04 | -0.01 | 1.19 1.19 215 | 215 | 146 | 1.46
31 | -0.03 | -003 | 15.00 | 1500 | 466 | 466 | 0.09 010 | -096 | -093 | 143 1.44 214 | 214 | 147 | 147
32 | -0.06 | -006 | 15.01 | 1500 | 6.16 | 6.15 | -0.24 0.29 040 | -042 | 1.30 1.28 214 | 214 | 0.88 | 0.89




Table 3.7 TLS-based and MLS-based summary statistics of the derived serviceability measures

for 78 panels (faces 2, 3, and 4 in facade 2) of the MSE wall

Panel-to- Panel-to-
Orxp 0yp - Panel Panel
(deg.) (deg.) (deg.) Displacement | Displacement
(mm) (mm)
TLS [MLS | TLS [MLS | TLS | MLS TLS MLS
Sample Size 78 78 78 78 78 78 454 454
Minimum Value -1.14 | -0.48 | -161 | -1.49 | -0.77 | -0.77 -14.10 -16.00
Maximum Value 047 | 038 ]| 068 | 063 | 1.43 | 1.44 13.50 18.10
Range 1.60 | 0.86 | 229 | 211 | 221 | 221 27.60 34.10
Average -0.03 | 000 | -0.46 | -0.45 | 0.06 | 0.07 -0.30 -0.21
Standard Deviation | 026 | 019 | 04 | 039 | 048 | 0.48 4.97 5.19
5" Percentile -0.39 | -0.39 | -1.12 | -1.09 | -0.61 | -0.58 -8.80 -9.00
25" Percentile -0.11 | 012 | 0.72 | -0.73 | -0.20 | -0.22 -3.70 -3.70
50 Percentile
(median) -0.03 | 0.00 | -0.45 | -0.44 | 0.01 | 0.01 -0.20 -0.20
75" Percentile 009 | 014 | -0.21 | 020 ] 0.18 | 0.18 3.10 3.20
95" Percentile 034 | 028 | 012 | 014 | 1.19 | 1.19 7.70 8.40
Interquartile Range
(IQR) 020 | 026 | 052 | 053 | 0.39 | 0.40 6.80 6.90

Table 3.8 RMSE of the differences between the TLS-based and MLS-based serviceability
measures for complete panels (i.e., 76 panels) within faces 2, 3, and 4 along facade 2 of the MSE

wall
New-available serviceability measures Standard serviceability Quality
measures control
Panel-
Xo Yo Zo | Oxp | Opp |y to-Panel | W H
(m) | (m) | (m) |(deg) | (deg.) | (deg.) | (107) | (10?) d(isr;- (m) | (m)
m
RMSE | 0.001 | 0.0027 [ 0.019 | 0.23 | 0.30 | 0.048 | 0.34 | 0.37 | 0.0039 |0.0101 | 0.022
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Figure 3.20. Cumulative Distribution Functions (CDF) for panel3D orientation and panel-to-
panel displacement using TLS (in blue) and MLS (in red) point clouds (for 78 panels constituting
three faces along facade 2)

One of the basic assumptions of MSE walls is that the joints (i.e., gaps) between
neighboring panels are within a tolerable range where panels are sufficiently close to each other
and have minimal offsets along the X-axis of the P.;. To assess the accuracy of the automatically
derived panel-to-panel normal distance between neighboring panels, such distances were
compared to interactively measured distances in the TLS point cloud, MLS point cloud, and
profiler gauge measurements at locations i, ii, and iii, as indicated in Figure 3.21.

Figure 3.22 shows the independent checks of the panel-to-panel normal distance — where

Figure 3.22(a) shows the interactive measurements from the point cloud, and
Figure 3.22(b) shows the use of the profiler gauge. The profiler gauge measurements are

an independent evaluation of the absolute accuracy of derived normal distances. The estimated
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values for panel-to-panel normal distances derived from approaches are shown in in Figure 3.23.
The results in Figure 3.23 indicate that the panel-to-panel normal distances at locations
i,ii,and iii obtained from the TLS, MLS data, (automated or interactive measurements from point

cloud data), and the profile gauge were in good agreement (i.e., the reported numbers in Figure

3.23 are within the range of £0.5 cm).
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Figure 3.21 Overall out-of-plane displacement map for a fagcade of the MSE wall face (units for
the values along the scale bar are in meters)

(@) (b)

Figure 3.22 Validation of panel-to-panel normal distance measurement: (a) interactive
measurement from point cloud, (b) on-site profiler gauge approach
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Figure 3.23 Validation of panel-to-panel out of-plane displacement (different color in the
interactive point cloud measurements columns represent different panels)
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Regarding the whole MLS dataset, Table 3.9 provides statistics about the proposed
serviceability measures, derived using the MLS point clouds, for all the complete/non-occluded
panels of the smooth MSE wall (160 panels). Figure 3.24 shows the CDFs for the three angular

values (0, 6,,, and 6,,) and the panel-to-panel normal distance of the MLS dataset at the case

yp!
study site. The graphical summary shown in Figure 3.24 is much easier to use for identifying trends
and outliers than examining the values of each individual panel of the MSE wall. As can see in
Table 3.9 that the angular deviation values were less than 1° for all the tilts around the X-axis, Y-

axis, and Z-axis. Table 3.9 also shows that 95% of the panels had an offset of less than 1.00 cm,

which indicated that the wall meets the tolerable out-plane offset prescribed by FHWA (2009).

Table 3.9 MLS-based summary statistics of the serviceability measures for 160 panels
constituting eight faces along facades 1, 2, and 5 of the MSE wall

Oxp Oyp 6., | Panel-to-Panel Displacement (mm)
(deg.) | (deg.) | (deg.)
Sample Size 160 | 160 | 160 911
Minimum Value -2.68 | -1.43 | -1.09 -32.30
Maximum Value 1.14 | 1.45 | 1.97 30.50
Range 3.82 | 2.88 | 3.05 62.80
Average -0.35 | 0.01 | 0.05 -0.10
Standard Deviation 050 | 050 | 0.36 6.73
5t Percentile -1.15 | -0.82 | -0.50 -10.70
25M Percentile -0.60 | -0.26 | -0.12 -3.80
50™ Percentile (median) | -0.33 | 0.00 | 0.00 -0.10
75" Percentile -0.04 | 0.20 | 0.22 3.60
95" Percentile 0.33 | 0.98 | 0.63 9.80
Interquartile Range (IQR) | 057 | 0.46 | 0.34 7.40
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Figure 3.24 Cumulative Distribution Functions (CDF) for the MLS-based panel 3D orientation
and panel-to-panel displacement (for 160 panels constituting eight faces along facades 1, 2, and
5)

3.7 Conclusions and Recommendations for Future Work

MSE walls are a commonly used civil infrastructure due to their low-cost, ease of construction,
and accommodation of tight right-of-way constraints. Periodically monitoring MSE walls is
necessary to ensure that they perform in accordance with a wide range of serviceability measures
that describe both global and local deformations within the wall. The current techniques for MSE
wall monitoring are time consuming, limit access to transportation corridors, and expose inspectors
and/or instrument operators to incoming traffic risks. Prior research has shown that TLS is a
promising tool for deriving both standard global and new local serviceability measures, but the
time-consuming nature of scanner set-up and data collection makes it an impractical approach that

is not be scalable. Therefore, the study presented in this paper proposed the use of MLS for data
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acquisition and introduced a processing framework that could evaluate all types of serviceability

measures.

The research objectives were tested using a case study in the state of Indiana that evaluated

the comparative performance of the TLS and MLS data acquisition modalities. The key

findings/contributions of the proposed acquisition/processing strategy can be summarized as

follows:

1.

The study illustrated the potential of mobile LIiDAR in collecting point clouds with sufficient
point density to derive global and local serviceability measures.
The study introduced a framework for point-cloud processing, which includes registration,
segmentation, panel isolation, and serviceability measures evaluation, more specifically:
a. A hybrid approach for the fine registration of scans from different sensors in a given
drive run and scans from different drive runs.
b. A process that ultimately uses the extracted panels to derive both global and local
serviceability measures.
With an accurate system calibration and a high-quality GNSS/INS onboard an MLS, the point
clouds from different sensors and different drive runs can be used to enhance the level of detail
in the collected point clouds.
The potential of MLS was evaluated through comparative evaluation with TLS, and the derived
serviceability measures from TLS and MLS were in close agreement agreement within the
range of 0.3/1000 for the standard measures (i.e., longitudinal and transversal angular
distortions) and 1 cm and 0.3° for the recently-available serviceability measures.
The derived panel-to-panel distance measure from TLS and MLS were quite similar (within

the range of 0.5 cm) providing additional validation for the potential of MLS.
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6. Extensive testing with large real dataset demonstrated the feasibility of the different
components of the proposed processing strategy. To the best of the authors’ knowledge, this is
the first study of its kind (i.e., the first study that has verified the ability of mobile LiDAR in
the acquisition and generation of a wide range of serviceability measures for MSE walls with
smooth precast concrete panels).

The proposed methodology can be used to establish acceptance criteria for new projects,
derive measures for monitoring the long-term serviceability of existing MSE walls, and/or propose
criteria to assess the serviceability of MSE walls in regions susceptible to natural disasters.
Employing the proposed methodology and data acquisition strategy can reduce cost that would
otherwise be associated with infrastructure management and can improve the overall quality of the
infrastructure by enhancing maintenance operations.

Future extensions of the work will focus on the following actions:

1. Developing a fully automated partitioning process for MSE walls with piece-wise planar
facades.

2. Incorporating the reported discrepancies among the point clouds from multiple scans onboard
the MLS or different drive runs to improve the system calibration and GNSS/INS trajectory.

3. Investigating the impact of environmental parameters (neighboring traffic) as well as technical
factors (driving speed) of the derived serviceability measures.

4. Expanding the processing strategy to handle MSE walls with non-identical, textured panels.

5. Investigating the potential use of lower grade MLS to generate reliable serviceability measures.
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4. MOBILE LIDAR FOR MSE WALL WITH TEXURED PRECAST
CONCRETE PANELS

This chapter was originally published in the remote sensing journal: Aldosari, M., Al-Rawabdeh,
A., Bullock, D., & Habib, A. (2020). A Mobile LiDAR for Monitoring Mechanically Stabilized
Earth Walls with Textured Precast Concrete Panels. Remote Sensing, 12(2), 306.

4.1 Abstract

Mechanically Stabilized Earth (MSE) walls retain soil on steep, unstable slopes with crest loads.
Over the last decade, they are becoming quite popular due to their low cost-to-benefit ratio, design
flexibility, and ease of construction. Like any civil infrastructure, Mechanically Stabilized Earth
(MSE) walls need to be continuously monitored according to transportation asset management
criteria during and after the construction stage to ensure that their expected serviceability
measures are met and to detect design and/or construction issues, which could lead to structural
failure. Current approaches for monitoring MSE walls are mostly qualitative (e.g., visual
inspection or examination). Besides being time consuming, visual inspection might have
inconsistencies due to human subjectivity. This research focuses on a comprehensive strategy
using a Mobile LiDAR mapping System (MLS) for the acquisition and processing of point clouds
covering the MSE wall. The processing strategy delivers a set of global and local performance
measure for MSE walls. Moreover, it is also capable of handling MSE walls with smooth or
textured panels with the latter being the focus of this research due to its more challenging nature.
For this study, an ultra-high-accuracy wheel-based MLS has been developed to efficiently acquire
reliable data conducive to the development of the serviceability measures. To illustrate the
feasibility of the proposed acquisition/processing strategy, two case studies in this research have
been conducted with the first one focusing on the comparative performance of static and mobile

LiDAR in terms of the agreement of the derived serviceability measures. The second case study
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aims at illustrating the feasibility of the proposed strategy in handling large textured MSE walls.
Results from both case studies confirm the potential of using MLS for efficient, economic, and
reliable monitoring of MSE walls.

Keywords: Textured MSE walls; Mobile LIDAR Mapping Systems (MLS); static Terrestrial

Laser Scanning (TLS); Performance/Serviceability Measures; Civil Infrastructure;
Segmentation; Characterization

4.2 Introduction

Mechanically Stabilized Earth (MSE) walls have been widely used to stabilize steep, unstable
slopes that are subjected to crest loads (Oskouie et al., (2016)). Low-cost construction and ease of
installation have made MSE walls with precast concrete panels a common infrastructure along
transportation corridors within the United States as well as other countries. For instance, in the
state of Indiana, USA, there are roughly 1,200 to 1,500 MSE walls excluding those on Local Public
Agency (LPA) routes (Rearick and Khan, 2017). An MSE wall is comprised of several components
including a facade of precast concrete panels supporting many compacted backfill layers
strengthened with geosynthetic or metallic reinforcement (Passe, 2000). A typical cross-section of
the components of an MSE wall is shown in Figure 4.1. Modular facing blocks, which could be
smooth or textured — i.e., with several architectural and aesthetically pleasing finishes, constitute
the facade of the MSE wall (Lin et al., 2019 and McGuire et al., 2017). The key function of these
facing panels is preventing backfill soil material from leaking out of the joints. The joints between
the panels permit excessive water to seep through them. Failure of an MSE wall can lead to loss
of life and/or property damage. Therefore, a monitoring strategy that can quickly, economically,

and reliably detect any anomalies in an MSE wall is of high importance.
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Figure 4.1. Typical cross-section profile of an MSE wall (modified after (Passe, 2000))

The long-term performance of an MSE wall relies on a well-designed and constructed system
that meets the specifications provided by regulatory organizations such as the U.S. Departments
of Transportation (DOTSs). Internal and external inspections are regularly conducted to ensure the
prevention of reinforcement rupture and pullout from the facing panels. A commonly accepted set
of serviceability measures include the longitudinal angular distortion (a;) and the transversal
angular distortion (a), which have been proposed by the American Association of State Highway
and Transportation Officials (AASHTO, 2014). The longitudinal angular distortion («, ) is defined
as the ratio of the differential settlement between two points along the length of the MSE wall to
the horizontal distance between them as illustrated in Figure 4.2(a). The transversal angular
distortion (ay) is defined as the lateral deflection (i.e., out of the wall plane) of the MSE wall

divided by its height, as illustrated in Figure 4.2(b).
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Figure 4.2. Definition of (a) longitudinal and (b) Transversal angular distortions

Table 4.1 provides the tolerable «; values for MSE walls that are constructed using
incremental precast concrete panels with different joint widths. For the transversal angular
distortion, during the construction of an MSE wall with incremental precast concrete panels, the
tolerable a; values when measured with a 3.048 m (10 ft) long straight edge should be less than
1/160. At the end of wall construction, a; should be less than 1/240 when measured using a plumb
line dropped from the top to the bottom of the constructed wall (AASHTO, 2014). In addition to
the angular distortions, the U.S. Federal Highway Administration provided guidelines for tolerable

out-of-plane offset between neighboring panels (FHWA, (2009)). According to such guidelines,
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the out-of-plane offset at any joint should be less than 9.53 mm (3/8 in) during wall construction.
The standard serviceability measures, with the exception of the out-of-plane offset, are global
measures focusing on the vertical settlement and lateral deflection of an MSE wall. However, most
MSE wall failures are closely related to local deformations, such as relative angular tilt and
displacement among neighboring panels, as shown in Figure 4.3. Therefore, a reliable monitoring
should be capable of providing measures that evaluate the deformation behavior of the individual

panels within an MSE wall. Examples of such measures are those proposed by Lin et al., 2019.

Table 4.1.Tolerable longitudinal angular distortion (a;) values for MSE walls constructed with
incremental precast concrete panels (modified from (AASHTO, 2014)).

Joint width wy | Panel area < 2.8 m? (30 ft?) | 2.8 m? (30 ft?) < Panel area < 7 m? (75ft?)
19 mm (0.75 inch) aLtl = 1/100 = 0.01 aLtol = 1/200 = 0.005
13 mm (0.50 inch) aLtol = 1/200 = 0.005 aLtol = 1/300 = 0.003
6 mm (0.25 inch) aLtol = 1/300 = 0.003 aLtol = 1/600 = 0.002

(@) (b)

Figure 4.3. An example of (a) an MSE wall failure that started with (b) an excessive angular
deformation (bulging) between neighboring panels
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Other than the serviceability measure type, the monitoring strategy should also consider
factors that would affect the practical implementation and scalability of such an approach. Total
station, geotechnical field instrumentations, and/or static Terrestrial Laser Scanning (TLS) are the
most commonly used data acquisition systems for the derivation of the serviceability measures.
However, such instruments require access to the MSE wall site and this could subject the inspectors
to hazardous conditions as a result of incoming traffic. In addition, field data collection is time
consuming; thus, making the monitoring process non-scalable. The third challenge, which should
be addressed by a monitoring strategy, is its ability to deal with both smooth and textured MSE
walls that could be straight or curved (i.e., the MSE wall is comprised of a set of individual planar
faces — Figure 4.4(a) — or a single curved facade which could be considered piece-wise planar —
Figure 4.4(b)). Prior research (e.g., Lin et al., 2019) has mainly dealt with planar MSE walls with
smooth panels (i.e., the one in Figure 4.4(a). Therefore, the development of a methodology that
could deal with any type of MSE walls would be valuable. In response to existing challenges for
monitoring MSE walls, this research is focusing on addressing the following three objectives:

1. Development of a monitoring strategy that could be used for the delivery of both
standard and recently-available serviceability measures,

2. The monitoring strategy is based on reliable, scalable data acquisition procedure —
more specifically, point clouds captured by a Mobile LIDAR mapping System (MLYS)
will be used for serviceability measures derivation, and

3. The strategy could handle MSE walls with smooth or textured precast concrete panels
along either planar or piece-wise planar fagades.

In this paper, Section 4.3 starts with an overview of existing MSE wall monitoring strategies

with an emphasis on those utilizing LIDAR point clouds. Then, the developed MLS data
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acquisition system and two case studies used in this paper are presented in section 4.4. The first
one focused on illustrating the fact that an MLS can provide similar performance measures to those
derived from TLS. The second case study, on the other hand, aims to illustrate that the data
acquisition modality and processing strategy are capable of monitoring large MSE walls along a
transportation corridor. The MSE walls considered in both case studies have piece-wise planar
facades and are comprised of textured panels. The study then proceeds with the coverage of the
proposed methodology in section 4.5 and experimental results for the two case studies are
discussed in section 4.6. Finally, in section 4.7, it concludes with the main findings of this study

and the recommendations for future research.

(b)

Figure 4.4. Two types of MSE walls: (a) Multi-face planar MSE wall and (b) Curved MSE wall
with a piece-wise planar face
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4.3 Related Work

Commonly used MSE wall monitoring techniques are based on visual inspection/examination
using a variety of instruments, such as measuring tapes and plumb lines. However, such techniques
may have inconsistencies due to human subjectivity that vary over time (Oats et al., 2017). Other
methods for evaluating some serviceability measures for MSE walls with precast concrete panels
include the use of a Total Station or TLS. Laefer et al., (2008) proposed an approach for monitoring
retaining walls using TLS. For the data collection, multiple temporal scans are required to detect
any movements of the vertically stacked panels within an MSE wall. Each scan must include at
least three spherical targets, which are used as reference points for registration/alignment and
monitoring purposes. The spherical targets should be placed at the same location for each scanning
operation. The study recommended that the targets are left on-site for the duration of the
monitoring course. Oskouie et al., (2016) utilized TLS to acquire point clouds to derive some
performance measures for MSE walls. In their research and before starting any data processing,
they first cleaned the data from unwanted objects, such as temporary steel and wooden brackets.
Then, a planar model is fitted through the wall using the random sample consensus (RANSAC)
algorithm (Fischler and Bolles, 1981). Based on the distance between the fitted plane surface and
the vertical/horizontal joints separating neighboring panels, joint distances are reported. More
specifically, vertical/horizontal joints are considered as outliers when inspecting their normal
distances relative to the fitted wall plane surface. Lienhart et al., (2018) presented a practical
approach for large-scale monitoring of retaining walls along Austrian highways using a Mobile
Mapping System (MMS). The measurement platform consisted of two laser scan profilers, inertial
measurement unit (IMU), differential Global Navigation Satellite System (GNSS) receiver, and
multiple cameras. The cameras are utilized to provide true colors for the point clouds. The aligned

point clouds from different sensors were used to generate vertical profiles every 5 cm along the
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retaining wall by intersecting the wall surface model with planes orthogonal to the vehicle’s
trajectory. A fitted regression along the vertical profile is then used to derive the tilt angle. They
found that it is possible to determine the tilt angle with an accuracy better than 0.1°. However,
their approach is limited to evaluating the transversal out-of-plane angle of the retaining wall,
which is similar to the AASHTO-based transversal angular distortion (a;). Lin et al., (2019)
utilized TLS to derive the standard longitudinal and transversal angular distortions of MSE walls
with smooth panels. In their work, they also derived new measures that describe out-of-plane
angular tilts and displacements of the panels relative to the individual MSE wall faces. For the
derivation of the standard and new performance measures, Lin et al. (2019) defined coordinate
systems for the individual faces and panels, denoted as the Levelled Face (LF.) and Panel (P,.)
coordinate systems, respectively. LF.; was derived by using a plane fitting through a manually-
cropped face of an MSE wall and considering the local horizontal/vertical directions within the
site. The definition of the P, started with the identification of the individual panels through a
region segmentation procedure where the normal distance between the points along the face and
the best fitting plane through these points was used as the segmentation criterion. Following the
panel segmentation, its bounding box — i.e., Minimum Bounding Rectangle (MBR) (Freeman and
Shapira, 1975) — was used to define the P.;. The new serviceability measures developed in their
work were based on the spatial and rotational relationships between the (LF.;) and (P.s).

The above literature has already shown the potential of using TLS for MSE wall monitoring
while providing high accuracy, reliable serviceability measures. However, the TLS monitoring
strategy is time-consuming, limit traffic accessibility, and has not been fully tested when dealing
with large MSE walls with either smooth or textured panels. Due to the large number of existing

MSE walls, the limited monetary resources, and the time-critical needs, the frequency of scheduled
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inspections is not always sufficient to detect problems in a timely manner. In order to verify MSE
walls integrity more efficiently, the presented research in this study proposes a monitoring strategy
that is based on an MLS. Such systems collects high accuracy, high resolution point clouds in a
short time while driving along the transportation corridor. The system description together with

the involved case studies are presented next, in section 4.4.

4.4 Acquisition System Specifications and Configuration of the Case Studies

The main objective of this research is illustrating the feasibility of using a wheel-based MLS
for the acquisition of point clouds that could be used for the derivation of standard as well as
recently- available MSE wall serviceability measures for textured MSE walls. An in-house
developed MLS, shown in Figure 4.5, has been used for the involved case studies. The system is
comprised of two high-grade laser scanners (Riegl VUX-1HA and ZF Profiler 9012) and two rear-
looking cameras (two FLIR Flea2 5.0MP cameras). Each of the laser scanners has a single laser
beam and delivers a 360° horizontal field of view. The Riegl VUX-1HA and ZF Profiler 9012 can
capture roughly one million points per second each with a range of 150 m (at an accuracy of + 5
mm) and 120 m (at an accuracy of = 2 mm), respectively (Riegl, 2019, ZF,2019). The sensors
onboard the MLS are directly georeferenced by a NovAtel ProPak6 GNSS receiver and ISA-100C
near-navigation grade IMU. The accuracy of derived GNSS/INS attitude after post-processing is
0.003° for the pitch/roll angles and 0.004° for the heading (yaw). The positional accuracy, on the
other hand, is in the range of 0.01 to 0.02 m (Novatel, 2019). A rigorous system calibration
procedure (Ravi et al, 2018) is used for the estimation of the mounting parameters — spatial and
rotational offsets — between the GNSS/INS and laser scanning units. The system calibration
parameters are estimated through minimizing the discrepancies between conjugate points, linear

features, and planar features captured from different drive-runs.
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Figure 4.5. Configuration of the wheel-based mobile LIDAR mapping system used for the
acquisition of point clouds along MSE walls

Two textured MSE walls in the state of Indiana were selected to illustrate the feasibility of
the developed MLS and proposed processing strategy for deriving both standard (longitudinal and
transversal angular distortions) and new performance measures introduced by Lin et al., (2019).
Site-1 was selected to evaluate the capability of mobile LIDAR in inspecting an MSE wall by
comparing the derived measures to those based on TLS. More specifically, TLS and MLS data
were acquired for Site-1. A Faro Focus x330 TLS unit, which has a range accuracy of + 2 mm at
25 m object distance, has been used for the data acquisition at Site-1 (Faro, 2013). It has a
maximum range of 330 m while emitting close to one million pulses per second. This scanner
provides color-coded point clouds using a built-in camera. More specifically, at a given location,
the TLS performs two consecutive scans with the first one dedicated to acquiring the 3D point
cloud, while the second scan captures successive images that are used for colorizing the individual
points. For Site-2, the dataset, which is only captured by the MLS, is used to evaluate the
performance of mobile LIDAR when dealing with large MSE walls. Figure 4.6(a) and Figure 4.6(b)

show a photo of a portion of the textured MSE walls at Site-1 and Site-2, respectively. As it can

105



be seen in Figure 4.6, both MSE walls have textured panels and are piece-wise planar fagades (i.e.,
the facades cannot be modeled as a single planar surface).

The textured MSE wall at Site-1 was built in 2017 and is comprised of a single side with
piece-wise planar facade. The total length along the MSE wall is approximately 175 m with a
height of 4.5 m. The MSE wall facing consists of 85 rectangular precast textured concrete panels
that are approximately 1.5 m by 3 m in size. The width of the panel joints for the size of the facing
panel used in this wall is 19 mm (0.75 in.) as prescribed in the Indiana Department of
Transportation standard specifications (INDOT, 2019). Two TLS scans were conducted in order
to obtain full coverage of the MSE wall and mitigate any occlusions caused by vegetation and/or
road furniture (e.g., light poles and signs). The MLS system drove forward and backward, as shown
in Figure 4.7(a). The MLS dataset contains point clouds captured in the two drive runs at an
average driving speed of 15 mph collected over almost 30 seconds. A sample of the collected point
cloud is shown in Figure 4.8(a).

Figure 4.6(b) shows a photo of the MSE wall at Site-2. The wall was built in 2014 and has
two sides (denoted hereafter as Side A and Side B) (see Figure 4.7(b)), with a length of 175 m and
an average height of 7.5 m. The MSE wall has a total of 296 panels on Side A and 80 panels on
Side B. Figure 4.7(b) shows the path of the vehicle travelled during the data collection. The dataset
has four drive runs captured at an average driving speed of 25 mph over almost 30 second. The
double drive runs in each driving direction as well as the forward and backward drive runs provide
a redundancy, which could mitigate potential occlusions from nearby objects and degraded
resolution from varying scanner-to-object distance. An example of the MLS point cloud for two

drive runs at Site-2 is shown in Figure 4.8(b).
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(b)
Figure 4.6. Sample photos of the textured MSE walls at different sites (a) Site-1 and (b) Site-2
(the different tiles are highlighted by the red rectangles).
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(b)
Figure 4.7. Location and drive-run configuration for the dataset collection in (a) Site-1 and (b)
Site-2
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(b)

Figure 4.8.Textured MSE wall point cloud collected by the MLS dataset at (a) Site-1 and at (b)
Site-2

4.5 Methodology

4.5.1 Conceptual basis of the proposed methodology

In this research, a scalable, systematic approach for MLS-based monitoring of large MSE
walls with textured precast concrete panels is developed. A flowchart of the proposed procedure,
comprising data acquisition, data processing, and estimation of performance/serviceability

measures for MSE walls, is shown in
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Figure 4.9. As previously mentioned, the standard serviceability measures, as proposed by
AASHTO (2014), evaluate the longitudinal and transversal angular distortions of a given MSE
wall face. The newly developed serviceability measures by Lin et al., (2019) provide the relative
displacement and rotation of the individual panels relative to a Levelled Face coordinate system
(LE.). The developed strategy is designed to be capable of handling MSE walls that have either
smooth or textured precast concrete panels. Moreover, it can handle MSE walls with fully planar
or piece-wise planar facades. Finally, the input point clouds to the processing methodology could
be either from MLS or TLS data acquisition systems.

In order to derive the performance measures, the point clouds captured from different MLS
drive runs or TLS scans need to be registered to a common reference frame. When using a TLS
unit, acquiring several laser scans with significant overlap is a fundamental requirement for
guaranteeing full coverage of the site of interest. The outcome from a TLS scan is a 3D point cloud
referenced to a local coordinate system associated with the scanner’s location and orientation.
Hence, a registration process must be performed when dealing with multiple TLS scans in order
to align them relative to a common reference frame.

Theoretically, registration is not necessary for point clouds acquired by an MLS since they are
directly georeferenced through the onboard GNSS/INS unit. More specifically, the GNSS/INS
trajectory, when combined with the system calibration parameters, produces the position and
orientation of the laser scanners relative to the mapping frame (e.g., the UTM coordinate system
with the WGS84 as the datum for horizontal coordinates and the National American Vertical

Datum of 1988 — NAVD 88 — for vertical coordinate). Therefore, collected point clouds from
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different drive runs should be properly aligned as long as there is reliable trajectory data and access
to accurate system calibration parameters. However, issues related to canopy cover, obstructions
(e.g., tunnels and/or overhead bridges), GNSS-signal multipath interference from neighboring
traffic, and platform speed could compromise the GNSS/INS trajectory would lead to alignment
discrepancies between overlapping point clouds from neighboring drive runs. To take advantage
of the available/complementary point cloud data from multiple drive runs, fine alignment must be
ensured (i.e., a fine registration must be conducted to ensure the alignment of the point clouds from
the different drive runs).

Regardless whether point clouds were acquired by TLS or MLS units, alignment must be
ensured through a registration procedure. In general, registration strategies can be categorized into
coarse and fine approaches (Al-Durgham at al., 2013). Since this research primarily utilizes MLS
point cloud data, which is aligned to a high degree by the onboard GNSS/INS unit, we focus on
fine registration. The point cloud fine registration strategy adopted in this research is discussed in
more detail in Section 4.5.2.

Once the point clouds of the MSE wall in question have been accurately registered, we proceed
the identification of individual planar segments of the wall. In other words, if an MSE wall is
multi-face with planar individual faces as shown in Figure 4.4(a) or piece-wise planar facade as
shown in Figure 4.4 (b), it should be partitioned into sections that are believed to be perfectly
planar. Each planar section will be denoted hereafter as an MSE wall face. In this research, the
identification/partitioning of MSE wall faces is conducted manually. The criterion for the fine-
tuning of the partitioning process is based on the Root Mean Square Error (RMSE) of the normal
distances between the constituent points from the corresponding best-fitting plane for the MSE

wall face in question.
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The next step is to define the coordinate systems associated with the MSE wall face (the
Levelled Face coordinate system) as well as the individual panels (the Panel coordinate system).
These coordinate systems are essential for determining the standard and new serviceability
measures. The Levelled Face coordinate system (LF,) is defined by the local horizontal/vertical
directions at the MSE wall site as well as the best fitting plane through the face in question, as
depicted in Figure 4.10. More specifically, the Y-axis of the LF,, is defined in a way that it belongs
to the MSE wall face (as defined by the fitted plane parameters) and is parallel to the horizontal
plane as described by the XY -plane of the defined mapping coordinate system at the site location.
The Z-axis of the LF_, is aligned along the vertical direction, i.e. the plumb line, at the MSE wall
site. Finally, the X-axis of the LF is derived to define a right-handed coordinate system. To
facilitate the definition of the LF,,, the geo-referencing parameters from the MLS have to be
defined in a local mapping coordinate system with its Z-axis pointing in the local level (plumb
line) direction at the MSE wall site location. The panel coordinate system (P,.;) defines the position
and the orientation of individual panels, and it is essential for evaluating the relative displacement
between the panels as well as the relative displacement/rotation between the panels and the
Levelled Face coordinate system, LF_;. As shown in Figure 4.10, the panel coordinate system is
defined in such a way that two of its axes are aligned along the bottom and left sides of the
bounding rectangle enclosing the panel. The X-axis of the panel coordinate system is derived to
define a right-handed coordinate system (i.e., it is defined by the normal to the panel surface). A
key component for reliable derivation of the serviceability measures is ensuring that the Panel
coordinate system (P) is defined in an identical manner for all the panels in a given face. To
isolate the points making up the individual panels and define the Panel coordinate systems, Lin et

al., (2019) adopted a region-growing segmentation procedure which utilizes the local point spacing
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and normal distance from the best-fitting plane to the MSE wall face as the similarity criteria. The
underlying assumption for such segmentation is that excessive normal distances from the best-
fitting plane correspond to the joints separating the individual panels. Nevertheless, such planar
segmentation would not accurately isolate the individual panels for a textured wall as the joints
among the panels might not be as distinguishable from the wall texture. In this research, a unique
panel identification strategy has been developed to cope with the imposed challenge by working
with a textured MSE wall. In this strategy, a region-growing segmentation is first applied to obtain
an approximation of the individual panels. A template matching procedure is then performed to
refine the panel extraction result, assuming that the individual panels are identical (i.e., the same
form is used for panel casting). Section 4.5.3 describes the proposed face and panel extraction
strategy in detail. Finally, after the coordinate systems are established and the individual panels
are extracted, the performance measures can be derived. The derivation of the standard and new

performance measures for textured MSE walls are presented in section 4.5.4.
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Figure 4.9 Flowchart of the proposed methodology
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XLF
Figure 4.10. Illustration the Levelled Face Coordinate System (LF_) and Panel Coordinate
System (P)

45.2 Registration of Point Clouds from Different MLS Drive Runs and TLS Scans

As mentioned earlier, the first step towards deriving the performance measures for an MSE
wall is to ensure an accurate registration of LiIDAR point clouds captured from different MLS drive
runs or different TLS scans. A wide range of point cloud registration procedures have been
proposed in the past few years. According to Habib and Al-Ruzouq (2004), a comprehensive
registration paradigm should address four criteria: (1) transformation parameters relating the
reference frames of the involved datasets, (2) registration primitives used for the estimation of the
a comprehensive registration paradigm should address four criteria: (1) transformation parameters
relating the reference frames of the involved datasets, (2) registration primitives used for the
estimation of the transformation parameters, (3) mathematical constraints describing the similarity
metric between conjugate primitives after registration, and (4) matching strategy controlling the

framework for the automated identification of conjugate primitives. Due to the short duration for

114



the acquisition of the point cloud from different MLS drive runs (e.g., less than thirty seconds for
the involved case studies), a 6-parameter transformation (i.e., three shifts and three rotation angles
— denoted here forth as X, Y1, Z7, Q, @, and K) would be sufficient. The similarity metric
could be based on constraining the distance between a point in one drive run and its corresponding
point, which is established by the matching strategy, after the application of the transformation
parameters to be zero. For fine registration, point primitives are recommended since the huge
redundancy furnished by the size of the point cloud would ensure the highest accuracy possible
for the estimated transformation parameters even though a point-to-point correspondence cannot
be guaranteed in the data from different drive runs. Moreover, the similarity metric could be
modified to handle point primitives without assuming point-to-point correspondence. Addressing
the matching strategy is the last task to carry out the alignment process. The well-known Iterative
Closest Point (ICP) (Besl and McKay, 1992) can establish the matches through iterative
minimization of the squared sum of the point-to-point distances in the overlap area between the
different drive runs. A better matching strategy that avoids the underlying assumption of having
point-to-point correspondences is the Iterative Closest Patch (ICPatch) (ICPatch) (Habib et al.,
2010), which is a variant of the ICP. Within the ICPatch, points in one drive run are matched to
triangular patches in another drive run. These triangular patches could be derived through a
Triangular Irregular Network (TIN) procedure. In this case, the matching strategy identifies point-
patch pairs through the iterative minimization of the squared sum of the normal distances between
such pairs. To avoid the TIN generation procedure, which could only handle surfaces with
predominantly mild slopes, the Iterative Closest Projected Point (ICPP) was developed (Al-
Durgham and Habib, 2013). In this case, the patch is defined by the closest three points in the

second drive run to a transformed point from the first one using the current estimate of the
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transformation parameters. The matching strategy aims at identifying the matches and estimating
the transformation parameters through the iterative minimization of the squared sum of the normal
distances between the points in one drive run and their corresponding patch defined by the closest
three points in the other drive run (Al-Durgham and Habib, 2013).

In this research, a modified matching strategy, which is a hybrid implementation of the
ICPatch and ICPP, is used. More specifically, the procedure starts with an approximate estimate
of the transformation parameters between the captured point clouds from different drive runs.
Given that these point clouds are aligned to a high degree through the onboard GNSS/INS, zero
shifts and zero rotation angles could be used as the initial values for the transformation parameters.
Such parameters are used to transform a point from one drive run - denoted as the source surface-
to the reference frame of the other drive run - denoted as the reference surface. The transformed
point (Py) will be used to identify the three closest points in the reference surface. The closest three
points will be accepted as a possible match if (Pt) belongs to a bipyramid formed by these points
and two vertices that belong to the orthogonal to the triangle defined by these three points through
its centroid given a predefined normal distance threshold (Figure 4.11). The normal distance
threshold (n) is selected based on the noise level within the data. Rather than minimizing the
squared sum of the distances between the transformed point and its projection onto the
corresponding triangle (which is implemented in the ICPP), this research utilized the modified
weigh function proposed by the ICPatch for the estimation process. For more details regarding the
modified weight function, interested readers can refer to (Habib et al., 2010).

Compared to the original ICPatch and ICPP procedures, the advantages of the hybrid
approach include a higher computational efficiency, less sensitivity to the existence of erroneous

points (i.e., outliers), and capability of registering vertical surfaces, which cannot be effectively
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handled in the original ICPatch. An example of the outcome from the point cloud registration is
shown in Figure 4.12, where two TLS scans at Site-1 are registered together with the MLS point

clouds from different drive runs.

B/”#'p.
% .

Reference Point Cloud Source Point Cloud

(a) (b)
Figure 4.11. (a) Transformation from source point cloud to reference point cloud, and (b)
conditions to accept the point-to-patch correspondence between the two point clouds

Figure 4.12 Point Cloud Registration of TLS dataset (colored by the RGB values from
the TLS camera) and the MLS dataset (colored by intensity)
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45.3 MSE wall face and panel extraction

In this section, a semi-automated procedure is introduced to extract the faces and the panels
of the MSE wall. First, the MSE wall needs to be divided into individual faces that can be
considered as planar segments (see Figure 4.13). The sectioning process is conducted manually
and the planarity of each individual MSE wall face is examined by applying a plane fitting to the
constituent points. A sectioning/partitioning would be accepted if the Root Mean Square Error
(RMSE) of the normal distance of the points from the best-fitting plane through this section is
below a threshold that depends on the noise level in the data and the texturing detail in the panels.
Once the individual faces are established, one can proceed with defining the Levelled Face
coordinate system (LF.;) as explained in Section 4.3. Then, a region-growing segmentation
technique is applied to segment the points comprising the individual panels as described by Habib
and Lin (2016). The similarity criteria for the region growing process include the local point
spacing and normal distance between the points and the fitted plane through the face. For a smooth
MSE wall face, such criteria can effectively segment the individual panels, and the Panel
coordinate system (P,) is simply defined by identifying the Minimum Bounding Rectangle (MBR)
enclosing the segmented panels, as proposed Lin et al., (2019). Defining the panel coordinate
system in a unique manner for textured MSE walls is much more challenging. The planar
segmentation technique mentioned above would not isolate the individual panels in a unique way
as the joints among the panels could not be easily identified as out of plane features since their
normal distances could be within the texture level of the wall (for example see Figure 4.14).
Moreover, existing occlusions could also affect the segmentation of the complete panels as shown
in Figure 4.15. Therefore, a strategy based on template matching to refine the initial panel
segmentation result and uniquely define the Panel coordinate system (Pcs) is proposed. The initially

segmented panels are used to extract the approximate corners, which represent the enclosing
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rectangle, of the individual panels through a search procedure starting from virtual points that are
defined by the minimum/maximum coordinates of the segmented points. These corners are then
utilized to define an approximate P., for the individual panels and to isolate the point clouds
pertaining to the individual panels. Due to the subjectivity of the segmentation procedure and
consequently the defined panel corners, one cannot assume that the P. is defined in a unique
manner for the different panels. To resolve this issue, a panel matching procedure is carried out
while assuming that the individual panels are identical (i.e., the same form is used for panel
casting). More specifically, a master panel is selected and used as a template for a panel matching
procedure. The master panel is denoted as the “template panel” with its F. denoted as (x,,, ¥y, Zp,)-
The remaining panels are denoted as “matching panels” with their approximate Pcs denoted as
(py 0 Yom a» Zom o) The template and matching Fs are defined using the corners of the respective
panels (i.e., the origin is defined at the lower left corner of the segmented panel; the Y and Z axes
are defined by the lines connecting the lower corners and left corners, respectively; and the X-axis
defines a right-handed coordinate system). To identify the panels’ corners in a unique manner, the
points enclosed by the template and matching panels undergo a registration procedure using the
modified ICPatch to estimate the shifts and rotations — as seen in equation (1) — relating the
template P.; and approximate matching Pcs. In this equation, i is the index of a point that have been

matched in the template and matching panels — denoted by k.

Pm.ak _ ..Pmak Pm_a_k_ . Dt
= Ry (“1)
where:

ri”m-a-k . are the coordinates of point i relative to the approximate matching Pcs for the k™

panel.
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rp”t’"—“-"  are the shifts between the template Pcs and the approximate matching P for the k™

panel.

Rz’,’tm—“—": Is the rotation matrix between the template Pcs and approximate matching Pcs for the

k" panel.

ri”t: are the coordinates of point i relative to the template Pcs.

Following the estimation of the shifts and rotations relating the template Pcs and approximate
matching P, the parameters can be utilized to derive the corners for the matching panels which
correspond to those used for defining the template panel as shown in

Figure 4.16. Using these corners, the P is defined in a unique manner for all the panels along

the MSE wall.

Figure 4.13 An example of manual extraction of the faces along an MSE wall with piece-wise
planar fagade (different colors along the MSE wall represent the different registered scans)
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Figure 4.14. Normal distance map for a given face illustrating the fact that joints among
the panels could be distinguished through their normal distance from the best fitting plane
to that face (units for the values along the scale bar are in meters)

Figure 4.15. An example of segmented textured MSE wall panels (different colors represent
different segmented panels)
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Figure 4.16. Refined panel coordinate system (P.) through the estimated transformation
parameters relating the template and matching panels

4.5.4 MSE Derivation of standard and new serviceability measures

The standard serviceability measures include the longitudinal angular distortions («;) and
the transversal angular distortions(ay). The derivation of such measures is based on establishing
longitudinal and transversal lines along the MSE wall face in question. The longitudinal lines are
established using the corners of the horizontal edges of all the panels adjacent to these lines by
applying a line fitting technique. Once the line parameters (i.e., directional vector of the 3D line)
are estimated, a dot product between the directional line parameters and Y-axis components of the
LF,, is used to obtain the longitudinal angular distortion (a;). The transversal lines for the columns

of panels are derived using the midpoints of the horizontal edges of the uppermost and the
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lowermost panels of a given column. Then, a dot product of a vector connecting the midpoints of
the uppermost and the lowermost panel edges and the Z-axis components of the LF_ is performed
to obtain the transversal angular distortion (a;). An example of the longitudinal and transversal
lines used for a planar face of the MSE wall at Site-1 is illustrated in Figure 4.17.

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

Figure 4.17. Longitudinal and transversal lines used to define the angular distortions for a
planar face of the MSE wall at Site-1

The recently developed serviceability measures by Lin et al., (2019) evaluate the relative
displacement and rotations of a panel relative to the Levelled Face coordinate system (LE.). To
derive these serviceability measures, the spatial and rotational relationships between the LF,, and
P.; as seen in Figure 4.18 are utilized. More specifically, the location of the origin of the P
relative to the LE.; — denoted as Xo, Yo, and Zo, — defines the panel position. The rotation angles —
denoted as 6,,, 8,,, and 6,, — that need to be applied to the LF, to make it parallel to the Pcs are
used to define the panel orientation. The final measure is the normal distances between the corners
of each panel and the fitted planes through the corners of neighboring panels. Using the derived
corners from the template matching procedure, one can derive these normal distances as shown in
Figure 4.19. In this figure, eight normal distances — denoted by the red lines — from the four corners
of panel 4 to neighboring panels can be estimated (i.e., panels 1, 2, 3, 5, 6, and 7). One should note
that using the corners enclosing the panels to define the panel position, orientation, and

displacement would exclude the panel texture from impacting the derived measures.
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Figure 4.18. Illustration of the relationship between LF.; and P, for deriving the panel position
and orientation serviceability measures

Figure 4.19 Evaluation of panel-to-panel out of-plane displacement

4.6 Experimental Results

Two case studies were carried out to evaluate the capability of the MLS in monitoring MSE
walls with textured precast concrete panels. The case study at Site-1 validates the MLS derived
measures by comparing them against those derived from TLS dataset. The case study at Site-2
further highlights the capability of the MLS by applying the proposed strategy for inspecting a

large textured MSE wall.
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4.6.1 Experimental Results for Site-1

LiDAR point cloud alignment

Point cloud registration was performed to register i) MLS point clouds from the two scanners
onboard the data acquisition system in a given drive run, ii) the MLS point clouds from two drive
runs, iii) the TLS point clouds from two scans, and iv) the MLS and TLS point clouds. The
estimated transformation parameters relating the derived point clouds from the two MLS scanners
in a given drive run can be used to evaluate the quality of the system calibration procedure (i.e.,
significant deviations from zero shifts and zero rotation is an indication of residual artifacts in the
system calibration parameters). The estimated transformation parameters between the point clouds
from different drive runs were used to quantitatively evaluate the quality of the GNSS/INS
trajectory (i.e., significant deviations from zero shifts and zero rotation is an indication of inferior
quality of the GNSS/INS trajectory). The registration of the TLS and MLS point clouds is done to
ensure that there are uniquely defined local vertical and local horizontal directions within the study
site.

To evaluate the comparative performance of TLS-based and MLS-based inspection strategies,
the experimental results for this dataset focused on a single face of the wall that has 32 panels. As
already mentioned, this research had two MLS drive runs in opposite directions covering the MSE
wall. For the MLS registration process, a total of three registration steps are conducted. The first
and second steps involved the registration of the Riegl and ZF scans in each drive run. The third
step performed the alignment between the combined/registered scans from the two drive runs. For
the TLS, the two scans were registered. Finally, the TLS and MLS point clouds were registered to

a common reference frame defined by the latter.
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Figure 4.20 to Figure 4.23 qualitatively illustrate the point cloud alignment of the derived
point clouds from the two scanners in a given run, point clouds from two different runs in opposite
directions, point clouds from the two TLS scans, and point clouds from TLS and MLS units. In
each of these figures, four vertical profiles were manually extracted to illustrate the alignment
quality. These profiles exhibit an overall alignment, which is commensurate with the expected
accuracy range of the individual system, between point clouds from the scanners in a given drive
run, two drive runs, two TLS scans, and the TLS/MLS units.

Table 4.2 to Table 4.5 show the respective transformation parameters along with the
square root of a-posteriori variance factor (6-) and average/root mean square error (RMSE) of the
normal distances between the registered point clouds in Figure 4.20 to Figure 4.23. Close
inspection of Figure 4.20 to Figure 4.23 and Table 4.2 to Table 4.5 reveals the following:

1. The estimated magnitude of the transformation parameters necessary for the alignment of
the Riegl and ZF scanner point clouds indicates the high quality of the system calibration
as indicated by small values of these parameters (the estimated parameters are in the range
of 2 cm and 0.02°).

2. The estimated transformation parameters necessary for the alignment of the MLS point
clouds from different drive runs indicate the presence of some discrepancies between these
point clouds in the range of 3 to 5 cm and -0.01° to 0.19°. These are mainly caused by the
impact of environmental factors on the GNSS/INS trajectory derivation.

3. The reported square root of a-posteriori variance factor (-) and average/root mean square
error (RMSE) of the normal distances between conjugate primitives for the different point
clouds show the alignment quality following the registration process (i.e., in the 1 to 2 cm

range).
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Figure 4.20. Cross sections illustrating the alignment quality of registered Riegl and ZF scans
from a given drive run for the MSE wall at Site-1
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Figure 4.21. Cross sections illustrating the alignment quality of registered point clouds from the
two MLS drive runs for the MSE wall at Site-1
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Figure 4.22. Cross sections illustrating the alignment quality of registered TLS scans of the MSE
wall at Site-1
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Figure 4.23. Cross sections illustrating the alignment quality of registered TLS and MLS point
clouds for the MSE wall at Site-1

Table 4.2. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal

distances) following the registration of the Riegl and ZF scans in a given drive run at Site-1

Xt Yr Zr Q 0] K Go Average Normal Dist. | RMSE
(mxmm) | (mxmm) | (mxmm) | (degsec) | (deg+sec) | (deg+sec) (m) (m) (m)
0.020 0.010 0.005 -0.0012 0.022 0.0003
0.0024 0.0023 0.0032
+0.01 +0.03 +0.02 +0.003 +0.029 +0.004

Table 4.3. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal

distances) following the registration of the MLS point clouds from different drive runs at Site-1

XT YT ZT Q O] K G- Average Normal Dist. | RMSE
(mzmm) | (mzmm) | (m+mm) | (deg+sec) | (deg+sec) | (deg+sec) (m) (m) (m)
-0.058 0.032 0.035 -0.012 0.189 0.009
-0.058 0.032 0.035
+1.04 +0.270 +0.410 +0.018 +0.120 +0.011

Table 4.4. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal
distances) following the registration of the TLS scans at Site-1

XT YT ZT Q 0 K 0. Average Normal Dist. | RMSE
(mmm) | (mtmm) | (m+tmm) | (degzsec) | (degtsec) | (degtsec) | (m) (m) (m)
-0.817 13.11 -0.722 0.04 0.01 1.06
0.003 0.0048 0.005
+2.91 +4.02 +1.34 +0.418 +0.302 +0.220
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Table 4.5. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal
distances) following the registration of the MLS and TLS point clouds at Site-1

XT YT ZT Q O] K G- Average Normal Dist. | RMSE
(mtmm) | (mtmm) | (mtmm) | (degzsec) | (degtsec) | (degtsec) | (m) (m) (m)
0.641 0.431 -0.181 -0.066 0.341 1.67
0.010 0.0052 0.008
+1.70 +0.39 +0.70 +0.032 +0.170 +0.018

Serviceability measures

Figure 4.24 illustrates the longitudinal and transversal angular distortions for the textured MSE
wall planar face (TLS in green and MLS in blue) as well as the recommended tolerable angular
distortions (denoted by the red lines). These angular distortions are evaluated using the
longitudinal and transversal lines in Figure 4.17. The horizontal line in Figure 4.24 (a) represents
the tolerable longitudinal distortions for a joint width of 19 mm (0.75 in.), while the horizontal
lines in Figure 4.24(b) represent the tolerable transversal angular distortions, as prescribed in
AASHTO (2014). Figure 4.24 reveals that the angular distortions (both longitudinal and
transversal) obtained from the MLS closely resemble those derived using the TLS. This confirms
the capability of mobile LiDAR in achieving high quality assessment of the standard serviceability
measures. As far as the MSE wall evaluation is concerned, Figure 4.24(a) and Figure 4.24(b), show
that this wall satisfied the longitudinal angular distortion criterion for a joint width of 19 mm (0.75
in.). However, it failed to meet the tolerable transversal angular distortion criterion of 1/240. As
for the recently available serviceability measures, the estimated values (namely, the position of the
most lower left corner of each panel — Xo, Yo, and Z, — and the angular orientation of each panel —
Oy, 0y, and 6,,— relating the P, and LF,; coordinate systems) are listed in Table 4.6 for TLS
and MLS, respectively. For a perfectly constructed MSE wall, the X-coordinate of the origin of
the P, relative to the LF,, denoted as Xo, should be close to zero. Moreover, the YZ- coordinates

of the origin of the P, denoted as Y, and Zo, should reflect the dimensions of the panels as well
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as the gap between the panels along the width and height directions, respectively. The position of
the panel can be used to detect potential relative movements among the panels in a given face.
Such movement can be identified and quantified through repetitive scans over time. The second
set of measures is the angular rotations representing the relationship between the LF,; and P.,. As

mentioned earlier, the rotation angles 6,,, 6

yp, and 6, represent the rotations that need to be

applied to the LF,, until it is parallel to the Pcs. More specifically, 6,,, and 8,, can be viewed as
rotations of the panel out of the LF, while 6, represents a rotation in the plane of the panel. For
a perfectly constructed MSE wall, these rotation angles should be as close to zero as possible.
Although it is instructive to inspect the data provided in Table 4.6 for the 32 panels constituting
the textured MSE wall face in question, a graphical summary is much more intuitive for identifying
trends and outliers. Figure 4.25 shows the Cumulative Distribution Functions (CDF) for the three

angular values (6y,, 6,,, and 6,,) and the panel-to-panel normal distance of TLS and MLS

Pl
datasets. Table 4.7 provides summary statistics of the proposed serviceability measures for the
investigated 32 MSE wall panels using TLS and MLS point clouds, respectively. For TLS-based

derivation measures, the 95th percentile values of angular tilts (6,,, 6,,,, and 6,,) are 0.62°, 0.15°,

Pl
and 0.63°, respectively. These values almost agree with same measures derived from MLS-based.
For the TLS/MLS comparative evaluation, Table 4.8 shows the statistics of the differences
between the TLS-based and the MLS-based serviceability measures. In this table, it can be

concluded that MLS-based similarity measures are within 5 cm and 0.5° when compared to those

from TLS.
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Figure 4.24. Angular distortion for the textured MSE wall face at Site-1: (a) longitudinal angular
distortion along lines L1-L5, and (b) transversal angular distortion along lines T1-T12 (the
horizontal lines represent the tolerable angular distortions) — L1-L5 and T1-T12 are illustrated in
Figure 4.17
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Table 4.6. TLS-based and MLS-based panel parametrization for the textured MSE wall at Site-1

Dl Xo | Yo | Zo [ 6 [ Oy [ 6 | Xo | Yo | Zo | 6y | Oy | Oy

(m) | (m) | (M) |(deg.) |(deg.)|(deg.) | (m) | (m) | (m) | (deg.) | (deg.) | (deg.)
1 [0.08]|-0.38|006 | 000 | 0.00 |-0.38]0.05]-0.35|0.00| 000 | 0.00 | -0.33
2 1013]-038| 155 | 001 | -0.89 | -0.21 |0.11|-0.34 | 1.50 | -1.92 | -0.83 | 0.13
3010/ 265 |-0.32| 0.46 | -0.80 | -1.11 [ 0.08 | 2.66 |-0.02| 0.67 | -1.36 | -0.94
4 1012|261 | 081 | 0.02 | -1.06 | -1.26 | 0.08 | 2.64 | 0.76 | 0.20 | -1.19 | -1.43
5 (014|262 | 232 [ -064 | 1.06 | -1.04 [0.11 | 2.65 | 2.27 | -0.43 | 0.67 | -1.08
6 |0.16 | 5.61 | 0.03 | 0.62 | -0.43 | -0.57 | 0.13 | 5.63 |-0.02| 0.62 | -0.51 | -0.58
7 018 561 | 153 | 054 | -0.42 | -0.76 | 0.16 | 5.63 | 1.48 | 0.50 | -0.61 | -0.70
8 (023 561 |302]-017| 204 | 035|020 5.64 | 298| 0.01 | 1.12 | -0.36
9 |021] 841|015 009 | -3.78 | -0.79 | 0.19 | 8.60 |-0.06| 0.86 | -1.67 | -0.54
10 |0.20 | 857 | 0.78 | 0.17 | -0.02 | -0.87 | 0.18 | 862 | 0.73 | 0.28 | -0.11 | -0.79
11]0.25] 858 | 229 | 0.10 | -1.06 | -0.60 | 0.23 | 8.63 | 2.24 | 0.41 | -1.25 | -0.55
12 1025|1158 | 0.40 | 0.34 | -0.88 | -0.42 | 0.22 | 11.62 | 0.36 | -0.24 | -0.61 | -0.27
13]0.27 1157 | 152 | 0.21 | -0.43 | -0.08 | 0.24 | 11.60 | 1.47 | 0.10 | -0.52 | -0.11
14 1030|1158 | 3.02 | 0.34 | -1.05 | -0.07 | 0.28 | 11.61 | 2.98 | -0.31 | -1.14 | 0.05
15[ 0.27 | 1456 | 0.77 | 0.46 | -0.62 | 0.05 | 0.25|14.61] 0.73 | 0.62 | -0.89 | 0.25
16 | 0.29 | 1456 | 2.28 | 0.37 | -1.24 | -0.06 | 0.27 | 1461 | 2.23 | 0.66 | -1.35 | 0.12
17 [ 0.29 | 1458 | 3.77 | 0.30 | 0.00 | 0.01 |0.28 | 14.63| 3.74 | -1.84 | -1.00 | 0.09
180.28 1756 | 0.76 | 0.92 | -1.44 | 0.21 |0.25|17.62| 1.01 | -0.24 | 0.20 | 0.28
19 [ 0.28 | 17.56 | 1.54 | 0.24 | -0.59 | -0.08 | 0.25 | 17.62 | 1.50 | 0.28 | -0.79 | -0.07
20 [0.30 | 1756 | 3.04 | 0.30 | -1.19 | -0.06 | 0.28 | 17.61 | 2.99 | 0.57 | -1.54 | -0.01
21[0.27]2055| 1.11 | 1.54 | -0.42 | 0.30 |0.24 [ 2055 | 1.10 | -1.73 | -0.33 | 0.30
221030[2055] 228 | 001 | -0.71 | 0.26 |0.27]20.59 | 2.24 | -0.15 | -0.91 | 0.28
2310.31]2055| 3.78 | -0.65 | -1.68 | 0.10 [ 0.29|20.60 | 3.73 | -0.28 | -2.04 | 0.21
24 1028 2355|153 | 0.37 | -1.41 | -0.06 | 0.25 | 23.58 | 1.48 | -0.01 | -1.51 | 0.10
25[0.28] 2355 3.02 | 0.48 | -1.11 | -0.20 | 0.26 | 23.60 | 2.98 | 0.52 | -1.27 | -0.05
26 [0.25]26.51 | 1.52 | 0.37 | -0.44 | 048 [ 0.22] 2653 | 1.49 | -0.51 | -0.80 | 0.51
270272653 ] 228 | 032 | -081 | 0.63 |[0.25]26.558|2.24 | 0.19 | -1.03 | 0.83
28 1029|2654 | 377 | 049 | 0.15 | 061 [0.27[2659 | 3.71 | 0.09 | -0.11 | 0.73
290.22[2967] 190 | 0.28 | 0.01 | 0.13 [0.20]29.58 | 1.86 | 0.41 | -0.47 | 0.28
30 [ 0.26 | 29.53 | 3.04 | 0.28 | -0.66 | 0.45 | 0.23|29.57 | 3.03 | -0.46 | -0.71 | 0.47
31[023[3252]229| 037 | -086 | 1.23 |[0.21(3256 (224 | 015 | -1.09 | 1.27
32]026(3252] 378 | 054 | -063 | 1.41 | 0.23(32.56 | 3.73 | -0.56 | -0.75 | 1.44
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Table 4.7 TLS-based and MLS-based summary statistics of the derived serviceability measures
for the MSE wall at Site-1

9 9 9 Panel-to-panel | g 0 2] Panel-to panel
P P “? | Displacement P P > Displacement
(deg.) | (deg.) | (deg.) (mm) (deg.) | (deg.) | (deg.) (mm)
Sample Size | 32 32 32 167 32 32 32 167
Minimum | o | 376 | 126 -24.50 084 | -2.04 | -1.43 -29.00
Value
Maximum | g o) | 504 | 1.41 23.10 086 | 1.12 | 1.44 32.50
Value
Range 126 | 1.83 | 1.74 47.60 139 | 1.87 | 101 61.50
Average | 0.28 | -0.67 | -0.10 -0.01 006 | -0.77 | -0.02 0.39
Star.‘d?rd 039 | 092 | 0.62 8.28 046 | 067 | 0.63 8.59
eviation
5th
- . 064 | -1.68 | -1.11 -13.60 073 | -1.67 | -1.08 -11.30
ercentile
25th
. 009 | -1.06 | -0.57 -5.70 031 | -1.25 | -0.54 -5.60
Percentile
50th
Percentile | 0.30 | -0.71 | -0.07 0.20 009 | -0.89 | 0.04 0.10
(median)
75"
. 046 | -0.42 | 021 5.40 041 | -051 | 0.28 5.50
Percentile
95th
. 062 | 015 | 0.63 11.80 066 | 020 | 0.83 13.50
Percentile
Interquartile | o 32 | 154 | 0.78 11.10 071 | 074 | 082 11.10

Range (IQR)
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Table 4.8. RMSE of the differences between the TLS-based and MLS-based serviceability
measures for the MSE wall at Site-1

Panel-to-
Xo Yo Zo Oxp Oyp 02p panel-
(m) (m) (m) (deg.) (deg.) (deg.) | displacement
(m)
RMSE 0.02 0.05 0.06 0.39 0.55 0.11 0.0178
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Figure 4.25. Cumulative Distribution Functions (CDF) for panel 3D orientation and panel-to-
panel displacement using TLS (in blue) and MLS (in red) point clouds at Site-1

4.6.2 Experimental Results for Site-2
This dataset is used to further highlight the MLS capability in deriving serviceability measures for
a large textured MSE wall. As previously mentioned, the MSE wall at Site-2 has a total of 376

panels along two sides (296 panels along Side A and 80 panels along Side B). There are a total of
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4 drive runs in two opposite directions — two drive runs in each direction — covering the MSE wall.
The drive runs in each direction cover only one side of the MSE wall. Side A and Side B are
sectioned into 6 and 4 planar faces, respectively. To illustrate some of the results from the proposed
processing strategy, the following discussion focuses on one face with 31 panels. For the overall
summary statistics, the serviceability measures for 285 of the 376 panels are reported (incomplete
and partially occluded panels were excluded). Similar to the processing workflow for Site-1, the
registration between the two scanners (i.e., Riegl and ZF sensors) in a given drive run was first
performed. Then, the point clouds from the different drive runs were registered. In total, there were
three registration steps for the MLS scans in a given direction (two steps for the registration of the
Riegl and ZF scans in each of the two drive runs in that direction and the third step for the
alignment of the combined/registered scans from those drive runs). Qualitative evaluation of the
alignment following the registration procedure when applied to the scanners’ point clouds in a
given run and the point clouds from two drive runs is shown in Figure 4.26 and Figure 4.27,
respectively. The two different colors (e.g., red and blue) in Figure 4.26 and Figure 4.27 represent
two scanners and two different drive runs, respectively. In those figures, four cross-sectional
profiles are used to illustrate the alignment quality. The estimated transformation parameters
together with the associated statistics are shown in Table 4.9 and Table 4.10. Inspection of the
profile alignment in Figure 4.26 and Figure 4.27 as well as the reported transformation parameters
in Table 4.9 and Table 4.10 further confirms the derived observations from Site-1; namely, high
quality of the system calibration parameters, small discrepancies caused by the GNSS/INS

trajectory, and very good alignment following the registration process.
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Figure 4.26. Cross sections illustrating the alignment quality of the Riegl and ZF point clouds
from a given drive run of the MSE wall at Site-2
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Figure 4.27 Cross sections illustrating the alignment quality of MLS point clouds from two drive
runs in the same direction of the MSE wall at Site-2
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Table 4.9. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal
distances) following the registration of the Riegl and ZF point clouds for one of the drive runs at

Site-2
XT YT ZT Q d K . Average Normal | RMS
(mxm | (mzm | (mxm | (degtse | (degtse | (degtse ((r’r:) Dist. E
m) m) m) c) c) c) (m) (m)
0.011 | 0.019 | 0.014 -0.04 0.13 -0.008 | 0.004 0.0033 0.006
0.02 0.04 0.03 0.011 0.029 0.004 5 ' 2

Table 4.10. Estimated transformation parameters and quality measures (square root of a-
posteriori variance factor, average normal distance among point-patch pairs, and RMSE of the
normal distances) following the registration of the MLS point clouds from two drive runs of the
MSE wall at Site-2

XT YT ZT Q D K . Average Normal | RMS
(mxm | (mtm | (mxm | (degtse | (degtse | (degtse (?T;’) Dist. E

m) m) m) c) c) c) (m) (m)
-0.065 | -0.009 | -0.037 | -0.011 | -0.028 | 0.009 | 0.003 0.003 0.004

0.01 0.02 0.02 0.007 0.014 0.00 9 ' 3

Following the registration of the different point clouds, this research proceeds by deriving
the different serviceability measures. The established longitudinal and transversal lines in Figure
4.28 are used for evaluating the angular distortions for one of the MSE wall faces at Site-2. Figure
4.29 the longitudinal and transversal angular distortions for that face as well as the tolerable
angular distortions (i.e., denoted by red lines). The horizontal line in Figure 4.29(a) represents the
tolerable longitudinal distortions for a joint width of 19 mm (0.75 in.), while the horizontal lines
in Figure 4.29(b) represent the tolerable transversal angular distortions, as prescribed in AASHTO,
2014. As shown in Figure 4.29(a) and Figure 4.29(b), this MSE wall face satisfied the longitudinal
angular distortion criterion for a joint width of 19 mm (0.75 in.). However, it failed to meet the
tolerable transversal angular distortion criterion of 1/240.

The estimated values of the other serviceability measures (namely, the position of the most

lower left corner of each panel — Xo, Yo, and, Zo — and the angular orientation of each panel — 6,

6,,, and 6,,— relating the LFcs and Pcs coordinate systems) for the illustrative face with 31 panels
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are listed in Table 4.11. Table 4.12 provides statistics of the proposed serviceability measures for
all the complete/non-occluded panels of the textured MSE wall at Site-2 (285 panels). Although it
is instructive to inspect the data provided in Table 4.12 for all the panels constituting the textured
MSE wall, a graphical summary is much more intuitive for identifying trends and outliers. Figure
4.30 shows the Cumulative Distribution Functions (CDF) for the three angular values (6y,, 0,
and 6,,) and the panel-to-panel normal distance of the MLS dataset at this site. One of the basic
assumptions of MSE walls is that the joints (i.e., gaps) between panels are sufficiently close and
have minimal offset along the X-axis of the Pcs between neighboring panels - according to FHWA

(2009). It can be concluded from this table that 75% of the panels have an offset less than 0.6 cm,

which indicates that the wall meets tolerable out-plane offset as prescribed by FHWA (2009).

L4
L3
L2
L1

Figure 4.28. Longitudinal and transversal lines used for defining angular distortions for one of
the faces of the MSE wall at Site-2
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Figure 4.29. Angular distortions for one of the faces of the MSE wall at Site-2: (a) longitudinal
angular distortion along lines L1-L4, and (b) transversal angular distortion along lines T1-T9 (the
horizontal red lines represent the tolerable angular distortions)
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Table 4.11. MLS-based Panel Parametrization for one of the MSE wall faces at Site-2

D Xo Yo Zo Oxp Byp O2p
(m) (m) (m) (deg) | (deg) | (deg)
1 0.02 0.06 0.13 0.00 0.00 0.96
2 0.03 0.05 0.80 0.71 2.52 0.92
3 0.08 0.05 2.34 -0.12 2.01 1.12
4 0.12 0.00 3.87 -1.11 3.45 1.15
5 -0.02 3.05 0.09 -0.15 1.80 0.29
6 0.00 3.06 1.54 0.88 2.62 0.24
7 0.05 3.05 3.11 -0.29 1.45 0.20
8 -0.04 6.05 0.12 -0.26 0.67 0.58
9 -0.03 6.03 0.81 0.03 2.81 0.48
10 0.02 6.04 2.35 -0.08 2.79 0.30
11 0.06 6.02 3.82 -0.48 1.02 0.30
12 -0.05 9.16 0.51 -0.33 1.31 -0.04
13 -0.03 9.03 1.53 1.02 3.25 -0.31
14 0.05 9.05 3.09 -0.54 0.97 0.19
15 -0.04 12.03 0.35 1.61 -0.55 -0.27
16 -0.04 12.05 0.84 -0.23 3.06 -0.29
17 0.02 12.02 2.38 -0.66 1.88 -0.15
18 0.04 12.04 3.89 -0.22 1.76 0.14
19 -0.03 15.03 0.54 0.99 1.74 0.15
20 0.01 15.03 1.61 -0.28 2.40 0.34
21 0.04 15.05 3.16 -0.30 0.28 0.46
22 -0.04 18.03 0.80 0.45 2.13 -0.24
23 0.00 18.05 2.38 0.71 1.52 -0.03
24 0.02 18.02 3.82 0.33 1.09 0.05
25 -0.03 21.02 0.73 0.60 1.07 -0.63
26 -0.02 21.03 1.55 1.27 3.07 -0.99
27 0.03 21.01 3.09 -0.94 0.60 -0.91
28 0.03 20.96 4.64 -1.93 0.83 -0.32
29 0.01 24.03 0.85 -0.66 3.14 -0.24
30 0.07 24.02 2.35 -0.52 1.07 -0.23
31 0.06 24.00 3.83 -0.26 0.09 -0.17
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Table 4.12. MLS-based summary statistics of the serviceability measures for 285 panels of the
MSE wall at Site-2

O:cp Oyp 020
(deg) | (deg) | (deg) Panel-to-panel Displacement mm)

Sample Size 285 | 285 | 285 1538

Minimum Value -2.95 | -2.09 | -1.72 -31.40
Maximum Value 285 | 3.61 | 1.81 34.90
Range 5.80 | 5.70 | 3.53 66.30
Average 0.16 | 0.55 | 0.01 -0.21
Standard Deviation 092 | 1.02 | 0.52 9.03

5th Percentile -1.10 | -0.87 | -0.86 -14.70
25th Percentile -0.37 | -0.10 | -0.33 -6.40
50th Percentile (median) | 0.00 | 0.41 | 0.00 -0.30
75th Percentile 0.73 | 1.12 | 0.34 5.90

95th Percentile 1.89 | 2.62 | 0.87 14.00
Interquartile Range (IQR) | 1.10 | 1.22 | 0.67 12.30
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Figure 4.30. Cumulative Distribution Functions (CDF) for the MLS-based panel 3D orientation
and panel-to-panel displacement at Site-2

4.7 Conclusions and Recommendations for Future Work

MSE walls are a commonly-used civil infrastructure due to their economic benefits, ease
of construction, and accommodating tight right-of-way constraints. Continuous monitoring of
MSE walls is necessary to ensure their performance using a wide range of serviceability measures
that describe both global and local deformations within the wall. Current approaches for MSE wall
monitoring are time consuming, limit access to transportation corridors, and could subject the
inspectors and/or instrument operators to risk from incoming traffic. Prior research has shown that
TLS is a promising tool for deriving standard/global and new/local serviceability measures. The
time-consuming nature of scanner set-up and data collection makes it an impractical approach that

could not be scalable. Therefore, this research has proposed the use of MLS for the data acquisition
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and introduced a processing framework that could produce all types of serviceability measures.

Achieving the research objectives has been tested through two case studies with the first one

evaluating the comparative performance of TLS and MLS data acquisition modalities. The second

case study aimed at illustrating the feasibility of using MLS for monitoring large MSE walls. The

key findings/contributions of the proposed acquisition/processing strategy can be summarized as

follows:

1.

[llustrating the potential of Mobile LiDAR in collecting point clouds with sufficient point
density to derive global and local serviceability measures;

Introducing a framework for point cloud processing, which include registration, segmentation,
panel isolation, and serviceability measures evaluation, more specifically:

a. A hybrid approach has been introduced for the fine registration of scans from different
sensors in a given drive run and scans from different drive runs;

b. A rigorous procedure has been devised to identify/isolate the individual panels along
the MSE wall in a unique manner. For this task, a template matching procedure has
been developed to ensure consistent definition of the individual panels along the wall;

c. The extracted panels are then used to derive both global and local serviceability
measures;

With an accurate system calibration and high quality GNSS/INS onboard the Mobile LiDAR
System (MLS) , point clouds from different sensors and different drive runs are shown to
enhance the level of the detail in the collected point clouds;

The potential of MLS has been evaluated through comparative evaluation with TLS — derived

serviceability measures from TLS and MLS are in close agreement;
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5. Extensive testing with multiple real datasets has shown the feasibility of the different

components of the proposed processing strategy. To the best of the authors’ knowledge, this is

the first study of its kind (i.e., first study that has verified the ability of mobile LiDAR in the

acquisition and generation of wide-range of serviceability measures for textured MSE walls).

The proposed methodology in this research can be used to establish acceptance criteria for

new projects, to derive measures for monitoring the long-term serviceability of existing MSE walls,

and/or to propose criteria to assess the serviceability of MSE walls in regions susceptible to natural

disasters. This would, in turn, result in reducing costs associated with infrastructure management,

and improving the overall quality of our infrastructure by enhancing maintenance operations.

Future extensions of the work, will focus on the following actions:

1.

Development of a fully automated partitioning process for MSE walls with piece-wise
planar facades,

Incorporate the reported discrepancies among the point clouds from multiple scans onboard
the MLS or different drive runs to improve the system calibration and GNSS/INS trajectory,
or identify the proper transformation function relating point clouds from different drive
runs (the latter would be critical for excessively long MSE walls),

Investigate the impact of environmental parameters (neighboring traffic) as well as
technical factors (driving speed) on the derived serviceability measures,

Expand the processing strategy to handle MSE walls with non-identical panels that could
be either smooth or textured, and

Investigate the potential of using lower grade MLS as well as less point density in

generating reliable serviceability measures.
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

This chapter shows the conclusions from the research findings, which were verified by the
experimental results using real datasets as well as how the objectives of this dissertation were
fulfilled. This dissertation started with an overview of MSE walls monitoring for civil
infrastructure systems. It then described the need for periodically testing on individual structural
components where the main goal is to measure both standard and recently-available serviceability
measures. Traditional instrumentations for infrastructure monitoring were listed and described.
The challenges associated with some of the typical instruments were outlined, e.g., necessity for
contact, observations of individual points, observation in a single direction/dimension and lack of
permanent record. Since using an ultra-high accuracy system (MLS) and the proposed strategy
have the potential to overcome such challenges, a literature review was conducted on traditional
approaches for structural deformations/displacements monitoring. For example, laser scanning and
some instruments which used in the geotechnical area for deformations measurements were
reviewed. The four main shortcomings/drawbacks of the reviewed literature were:

1. No such comprehensive strategy in acquisition the data for the object of the interest.

2. The measures are either global (e.g., longitudinal and transversal measures) or within the
very close proximity to the structures being monitored (e.g., in 1D direction). This could
be deceiving for the decision-maker.

3. Traditional methods for monitoring MSE walls are limited to very close proximity of to
the structures being monitored. In addition, because of their dependence on inclinometer
measurements, which are affected by electromagnetic interference, signal loss for long

distance transmission, and human error, they encounter inherent subjectivity that can
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greatly impact the quantity and quality of measurements and affect the overall inference

measures of textured MSE walls.

5.1 Conclusion

This dissertation aimed to introduce a new framework for deriving standards and recently-
available performance measures for smooth and textured precast concrete panels of MSE walls.
First objective was established development of a monitoring strategy that could be used for the
delivery of both standard and recently available serviceability measures. Next, the monitoring
strategy is based on reliable, scalable data acquisition procedure — more specifically, point clouds
captured by a Mobile LiDAR mapping System (MLS) will be used for serviceability measures
derivation. The final objective was the strategy could handle MSE walls with smooth or textured
precast concrete panels along either planar or piece-wise planar facades. Thus this systematic
proposed strategy enabled us effectively used to monitor and assess the long-term performance of
MSE walls. The ultimate objective of this research was to introduce an approach mathematical
characterization and to accurately evaluate and quantify any deformation of MSE walls of each
panel with respect to Levelled Face coordinate system (LF,). How the intended objectives were
met as well as the advantages and shortcomings of the approaches proposed in this dissertation are

discussed.

5.2 Contributions of the dissertation

MSE walls are a commonly-used civil infrastructure due to its economic benefits, ease of
construction, and managing tight right-of-way constraints. Continuous monitoring of MSE walls
IS necessary to ensure its performance using a wide range of serviceability measures that describe

both global and local deformations within the wall. Current approaches for MSE wall monitoring
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are time consuming, limit access to transportation corridors, and could subject the inspectors
and/or instrument operators to risk from incoming traffic. Prior research has shown that TLS is a
promising tool for deriving standard/global and new/local serviceability measures. The consumed
time by the scanner set-up and data collection makes it impractical approach that could not be
scalable. Therefore, this study has proposed the use of MLS for the data acquisition and introduced
a processing framework that could produce all types of serviceability measures. Achieving the
research objectives has been tested through two case studies with the first one evaluating the
comparative performance of TLS and MLS data acquisition modalities. The second case study
aimed at illustrating the feasibility of using MLS for monitoring large MSE walls. The key
findings/contributions of the proposed acquisition/processing strategy can be summarized as
follows:
1. lustrating the potential of Mobile LiDAR in collecting point clouds with sufficient point
density to derive global and local serviceability measures;
2. Introducing a framework for point cloud processing, which include registration,
segmentation, panel isolation, and serviceability measures evaluation, more specifically:

a. A hybrid approach has been introduced for the fine registration of scans from different
sensors in a given drive run and scans from different drive runs;

b. A rigorous procedure has been devised to identify/isolate the individual panels along
the MSE wall in a unique manner. For this task, a template matching procedure has
been developed to ensure consistent definition of the individual panels along the wall;

c. The extracted panels are then used to derive both global and local serviceability

measures;
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d. With an accurate system calibration and high quality GNSS/INS onboard the Mobile
LiDAR System (MLS), point clouds from different sensors and different drive runs are
shown to enhance the level of the detail in the collected point clouds;

3. The potential of MLS has been evaluated through comparative evaluation with TLS —
derived serviceability measures from TLS and MLS are in close agreement;

4. Extensive testing with multiple real datasets has shown the feasibility of the different
components of the proposed processing strategy. To the best of the authors’ knowledge,
this is the first study of its kind (i.e., first study that has verified the ability of mobile LIDAR
in the acquisition and generation of wide-range of serviceability measures for textured
MSE walls).

The proposed methodology in this research can be used to establish acceptance criteria for
new projects, to derive measures for monitoring the long-term serviceability of existing MSE walls,
and/or to propose criteria to assess the serviceability of MSE walls in regions susceptible to natural
disasters. This would, in turn, result in reducing costs associated with infrastructure management,
and improving the overall quality of our infrastructure by enhancing maintenance operations.

Future extensions of the work will focus on the following actions:

5.3 Recommendations for future work

For future work, we plan to focus on the following activities:
1. Development of a fully-automated partitioning process for MSE walls with piece-wise
planar surfaces,
2. Incorporate the reported discrepancies among the point clouds from multiple scans
onboard the MLS or different drive runs to improve the system calibration and

GNSS/INS trajectory,
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Investigate the impact of environmental parameters (neighboring traffic) as well as
technical factors (driving speed) on the derived serviceability measures,

Expand the processing strategy to handle MSE walls with non-identical panels that
could be either smooth or textured, and

Investigate the potential if using lower grade MLS in generating reliable serviceability

measures.
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